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ABSTRACT: Clay minerals are ubiquitous in subsurface environ-
ments and have long been recognized as having a limited or
negligible impact on the fate of arsenic (As) due to their negatively
charged surfaces. Here, we demonstrate the significant role of
kaolinite (Kln), a pervasive clay mineral, in enhancing As(V)
immobilization during ferrous iron (Fe(II)) oxidation at near-
neutral pH. Our results showed that Fe(II) oxidation alone was not
capable of immobilizing As(V) at relatively low Fe/As molar ratios
(≤2) due to the generation of Fe(III)−As(V) nanocolloids that
could still migrate easily as truly dissolved As did. In the presence
of kaolinite, dissolved As(V) was significantly immobilized on the
kaolinite surfaces via forming Kln−Fe(III)−As(V) ternary
precipitates, which had large sizes (at micrometer levels) to reduce
the As mobility. The kaolinite-induced heterogeneous pathways for As(V) immobilization involved Fe(II) adsorption,
heterogeneous oxidation of adsorbed Fe(II), and finally heterogeneous nucleation/precipitation of Fe(III)−As(V) phases on the
edge surfaces of kaolinite. The surface precipitates were mixtures of amorphous basic Fe(III)−arsenate and As-rich hydrous ferric
oxide. Our findings provide new insights into the role of clay minerals in As transformation, which is significant for the fate of As in
natural and engineered systems.
KEYWORDS: arsenic immobilization, ferrous iron oxidation, colloids, kaolinite edge sites, heterogeneous pathways

■ INTRODUCTION
Arsenic (As) contamination in groundwater and soil is a great
concern worldwide. The mobility and toxicity of As in
subsurface environments are often controlled by the
interaction with iron (Fe).1 When contacted with oxygen,
Fe(II) is oxidized to Fe(III) and then hydrolyzes and nucleates
in situ to create Fe(III)−As coprecipitates in the presence of
As.2−4 The transformation of dissolved As to solid phases is
deemed to immobilize As and reduce its environmental risks,
while the effectiveness depends on the physicochemical
characteristics of Fe−As coprecipitates, such as particle
sizes.4−6 If in situ coprecipitation of Fe and As forms nanosized
colloids, the mobility of As would not be reduced because
nanocolloidal As could transport faster than dissolved As in
groundwater.7

The size and composition of Fe−As coprecipitates could be
influenced by coexisting components in subsurface environ-
ments. For example, the presence of dissolved organic matter
(DOM) may induce the formation of stable and small DOM−
Fe−As colloids resulting in a higher mobility of As.8−10 In
contrast, coexisting cations like Ca2+ and Mg2+ can lead to the
formation of large clusters/aggregates to enhance As
immobilization, via Ca/Mg−As−Fe ternary interactions and

surface charge modification.5,11 Clay minerals are ubiquitous in
subsurface and have a significant impact on the fate of cationic
metals,12 whereas their impacts on the formation of Fe−As
coprecipitates and the resulting mobility of As remain
unknown.
In general, clay minerals are sensitive to cations but inert to

oxyanions due to their basal surfaces with permanent negative
charges and edge surfaces with variable negative charges at
near-neutral pH.13,14 Positively charged cations such as Fe(II),
Cd(II), Cu(II), Ni(II), Pb(II), and Zn(II) are all readily
adsorbed onto clay mineral surfaces through surface complex-
ation and/or cation exchange.15,16 On the contrary, the
adsorption of oxyanions (like As and P) onto clay minerals
is limited or even negligible.17,18 Recently, Fakhreddine and
Fendorf reported that the presence of cations (e.g., K+, Ca2+,
and Mg2+) could enhance As adsorption on clay minerals via
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forming cation bridging outer-sphere complexes.19 If Fe2+
encounters arsenate oxyanions and clay minerals, especially
in the presence of oxygen, the situation will be more intricate
than those faced by K+, Ca2+, and Mg2+. Considering the redox
property of Fe2+ and the high affinity of iron for arsenic,20,21

clay−Fe−As ternary products may generate where Fe acts as a
bridge. Unlike DOM−Fe−As colloids mentioned above, the
formed clay−Fe−As may have relatively large particle sizes of
up to several micrometers because of the intrinsic sizes of clay
minerals (e.g., kaolinite),22 thus mitigating the mobility of As.
Accordingly, the role of clay minerals in As immobilization
may be underestimated.
In order to investigate the role of clay minerals in As(V)

immobilization during Fe(II) oxidation, clay&Fe(II)&As(V)
ternary systems were compared with Fe(II)&As(V) binary
systems under oxic conditions in batch experiments. Kaolinite
(Kln), which is widely distributed in tropical and subtropical
regions,23 was selected as the model clay mineral. The
investigated systems are relevant to anoxic groundwater
containing Fe(II) and arsenate when brought into contact
with O2, for example, by groundwater table fluctuation.24

Overall, the main objectives are to evaluate the immobilization
of As(V) in the presence of kaolinite during Fe(II) oxidation
and to reveal the mechanisms of kaolinite-controlled As
immobilization in the Kln&Fe(II)&As(V) ternary system with
oxygen.

■ MATERIALS AND METHODS
Materials and Chemicals. Kaolinite (#03584) from

Sigma-Aldrich was chosen as a model mineral, and
Na2HAsO4·7H2O (≥98%) from Sigma-Aldrich was used for
the preparation of As(V) solution. 2-(N-morpholino)-
ethanesulfonic acid monohydrate (MES, ≥99%) and 3-(N-
morpholino)propanesulfonic acid (MOPS, ≥99%) from
Aladdin were selected as noncomplexing buffers, which have
been widely used in Fe(II) oxidation and metal ion adsorption-
related studies.25 Other chemicals used in this study are
described in Text S1 of the Supporting Information (SI). The
physicochemical properties of kaolinite are summarized in
Table S1.

Arsenate Immobilization Experiments. Batch experi-
ments were conducted to investigate the immobilization of
As(V) during Fe(II) oxidation in the absence and presence of
kaolinite. Most of the batch experiments were performed in
magnetically stirred reactors at a speed of 500 rpm to ensure a
saturated dissolved oxygen (DO) (i.e., 8.1 ± 0.2 mg/L)
solution throughout the reaction. In a typical reaction, 200 μM
Fe(II) were added into a 100 μM As(V) solution with 10 g/L
of kaolinite (if present) that was buffered with 10 mM MOPS
for pH 7.0 to initiate the reaction. NaOH (1 M) or HCl (1 M)
was used to adjust the pH of As(V) solutions that contained
buffers, and NaCl (1 M) was applied to control the ionic
strength (IS) to 0.01 M. A 0.45 μm filter was employed for
solid−liquid separation to assess As(V) immobilization in the
absence and presence of kaolinite. At predetermined time
intervals, samples that were filtered by 0.45 μm filters were
added (1) into a 1 M HCl solution for As analyses, (2) into a
phenanthroline solution for Fe(II) analyses, and (3) into a 6 M
HCl solution for Fe(tot) analyses. Hydrochloric acid acid-
ification and phenanthroline complexation are able to quench
further reaction between Fe(II) and oxygen.26 At the same
time, unfiltered samples were directly mixed with phenanthro-
line solutions for the analyses of total Fe(II) (the sum of

dissolved and adsorbed Fe(II)). Moreover, 0.02 μm filters
(Whatman Anotop) were used to remove possible nano-
colloidal particles in the 0.45 μm filtrates for the analysis of
truly dissolved As, Fe(II), and Fe(tot).
In order to further explore the effects of kaolinite

concentrations, DO concentrations, pH, and initial Fe(II)/As
molar ratios on As immobilization, additional experiments
under various conditions were conducted (as summarized in
Table S2). In brief, kaolinite concentrations were set to 0, 1,
and 10 g/L; DO concentrations were set to 0.4 and 8.1 mg/L;
pH values were set to 6.0, 7.0, and 8.0; and initial Fe(II)/As
molar ratios were set to 1, 2, 3, and 4. 10 mM MES were used
as the buffer for pH 6.0 solutions, while 10 mM MOPS were
for pH 7.0 and 8.0 solutions. To maintain a low DO condition
of 0.4 mg/L during reactions, the test solutions were purged
with a gas mixture with 1% oxygen and 99% nitrogen until all
Fe(II) was completely oxidized.27 And before Fe(II) addition,
the solutions were purged with the gas mixture for at least 2 h
to get an initial DO concentration of 0.4 mg/L. In addition,
adsorption isotherm experiments under anoxic conditions were
conducted to determine the adsorption capacity of kaolinite to
Fe(II) in the absence and presence of As(V) (Text S2).

Analytical Methods. Arsenic concentrations in filtered
samples after acidification were analyzed by inductively
coupled plasma optical emission spectrometry (ICP-OES)
with an Optima 8300 system (PerkinElmer), with a detection
limit of 1 μM. Fe(II) concentrations in filtered samples were
measured by the 1,10-o-phenanthroline analytical method at
510 nm using a UV−vis spectrophotometer (Evolution 201,
Thermo). Total iron (Fe(tot)) was assayed through reduction
of Fe(III) to Fe(II) using hydroxylamine-HCl, and the
concentration of Fe(III) was calculated by the difference
between Fe(II) and Fe(tot). The detection limit of Fe(II) was
0.5 μM. The total Fe(II) in unfiltered samples was determined
by the direct reaction of dissolved and adsorbed Fe(II) with
phenanthroline, in which all Fe(II) were transformed into
soluble Fe(II)−phenanthroline complex.28 In the suspensions
containing kaolinite, the effect of particle scattering on the
absorbance of the Fe(II)−phenanthroline complex was
significant, and thus kaolinite was filtered by 0.45 μm filters
before absorbance measurements. In the suspensions without
kaolinite, the effect of particle scattering on absorbance was
negligible; therefore, additional filtration was unnecessary.
High mass recoveries of total Fe(II) (95−100%) were reached
for all suspension samples.

General Characterization. The dynamic heterogeneous
precipitation of Fe and As on kaolinite surfaces was
characterized by in situ attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR, Nicolet IS50,
ThermoFisher) that was equipped with a diamond internal
reflection element and a mercury−cadmium−telluride detector
(Text S3). Structural and morphological characterizations were
conducted by using a spherical-aberration-corrected (Cs)
transmission electron microscope operated at 200 kV (Titan
G2 60-300, FEI, The Netherlands) in scanning transmission
electron microscopy (STEM) mode. To minimize the effect of
specimen drift, the drift-correction mode was used during the
acquisition of energy-dispersive spectroscopy (EDS) maps.
Mineralogical composition was characterized by powder X-ray
diffraction (XRD) analysis (XRD-7000, Shimadzu, Japan) with
a copper target (Cu Kα). The equipment was operated by
step-scanning from 10 to 80° with a scan speed of 5°/min at
40 kV and 30 mA. Surface properties were characterized by X-
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ray photoelectron spectroscopy (XPS, AXIS-ULTRA DLD-
600W, Shimadzu, Japan) with a monochromatic Mg Kα
source. The charge effect was corrected using the C 1s line at
284.8 eV, and the curve-fitting program XPSPEAK 4.1 was
applied to fitting the spectra. Particle size distribution (PSD)
and ζ-potential were measured by a Zetasizer (Nano ZS90,
Malvern, U.K.), in which a DTS0012 cell was used for PSD
measurements and a DTS1060 folded capillary cell was used
for ζ-potential measurements.

Synchrotron X-ray Absorption Spectroscopy. A total
of about 100 mg of solid were collected onto a filter membrane
for each X-ray absorption spectroscopy (XAS) measurement.
Iron and As K-edge X-ray absorption spectra were collected at
the 1W1B beamline of the Beijing Synchrotron Radiation
Facility (BSRF, China). The monochromator was calibrated by
setting the first inflection point in the K-edge absorption
spectrum of an Fe foil to 7112 eV (Fe measurements) or the
first inflection point in the L3-edge absorption spectrum of a
Au foil to 11,919 eV (As measurements). Sample spectra were
collected at room temperature and ambient pressure using
fluorescence mode over the energy range of 6910−7910 eV
(Fe) or 11,660−12,600 eV (As). Three to four scans were
recorded for each sample and averaged.
Data reduction and analyses were performed with the

software code Athena.29 The Autobk algorithm was applied for
background removal using a linear pre-edge line between 200
and 50 eV before the edge, E0 (7127 eV for Fe and 11873 eV
for As), and a normalization range from 170 to 750 eV (Fe)
and from 170 to 760 eV (As). By default, a second-order
polynomial was used as a post-edge line. The frequency cutoff
parameter Rbkg was set to 0.95 (Fe) or 0.8 (As). The k-weight
in the background function determination was set to 2 (Fe) or
3 (As). Fourier transforms of normalized k3-weighted χ(k) data
were calculated over k-ranges of 3−11 Å−1 (Fe) or 3−13.5 Å−1

(As) using a Kaiser−Bessel window function with a dk of 3.
Shell-fit analyses of k3-weighted Fe and As K-edge extended

X-ray absorption fine structure (EXAFS) spectra were
conducted using the software code Artemis.29 Theoretical
phase-shift and amplitude functions of single and multiple
scattering paths were calculated using the ab initio FEFF6
code.30 The scattering paths used to model the As K-edge
EXAFS spectra were extracted from the structure of scorodite
(FeAsO4·2H2O)31 and mansfieldite (AlAsO4·2H2O).32 For the
Fe K-edge EXAFS spectra, we used scorodite, goethite (α-
FeOOH),33 and kaolinite34 with one Fe substituted for Al in
octahedral positions (Al3Fe(Si4O10)(OH)8) as FEFF input
structures. Wavelet transform (WT) analyses of Fe K-edge
EXAFS spectra were performed to qualitatively identify the
presence of Fe−Si/Al pair correlations in the Kln−Fe(III)−As
products, and WT analyses of As K-edge EXAFS spectra were
performed to visualize differences in the coordination environ-
ment of As in the second coordination shell of Fe(III)−As and
Kln−Fe(III)−As products. Here, we used the Fortran-based
HAMA code to calculate the WTs.35 Details of the EXAFS
data analyses are provided in Text S4.

■ RESULTS AND DISCUSSION
Immobilization of As during Fe(II) Oxidation in the

Presence and Absence of Kaolinite. The comparison of As
concentrations in the ternary Kln&Fe(II)&As and binary
Fe(II)&As systems (Figure 1a) showed that the As
immobilization during Fe(II) oxidation was significant in the
presence of kaolinite but failed in the absence of kaolinite. The

effectiveness of As immobilization was assessed by the decrease
of As concentrations passing through a 0.45 μm filter because
substances <0.45 μm are usually defined as being “dissolved”
and easy to migrate.36 In the Kln&Fe(II)&As system, As
concentrations in the filtrates through 0.45 μm filters rapidly
decreased by 80% within 20 min, whereas As concentrations in
the filtrates of the Fe(II)&As system were almost unchanged
over 120 min of oxidation (Figure 1a). All Fe(II) was oxidized
by oxygen after 120 min (Figure 1b). Although it was reported
that Fe(II) oxidation could be an effective technique for As
removal via coprecipitation of As and Fe(III),2,4 Fe(II)
oxidation in the presence of As or P potentially formed
colloidal particles smaller than 0.45 μm that had high

Figure 1. (a) As concentrations in the filtrates (through 0.45 μm
filters) of the Kln&As, Fe(II)&As, and Kln&Fe(II)&As systems as a
function of oxidation time; (b) total Fe(II) concentrations in the
suspensions of the Fe(II)&As and Kln&Fe(II)&As systems as a
function of oxidation time; and (c) particle size distribution (PSD),
Tyndall effects, and turbidity of the final filtrates and suspensions after
120 min of oxidation in the Fe(II)&As and Kln&Fe(II)&As systems.
The initial concentrations of Fe(II), As, and kaolinite (if present)
were 200 μM, 100 μM, and 10 g/L, respectively, with a fixed pH of
7.0.
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mobility.5,37 Here, the results of particle size distribution,
Tyndall effects, and turbidity collectively confirmed the
existence of colloidal particles in the filtrates of the Fe(II)
&As system (Figure 1c). Such colloids could pass through 0.45
μm filters resulting in no As immobilization in the Fe(II)&As
system. In contrast, we observed a clear liquid (without
residual solid particles) after filtration by 0.45 μm filters in the
Kln&Fe(II)&As system (Figure 1c). We checked the ζ-
potentials of pure kaolinite and the oxidation products of
Fe(II)&As system, which were −52.3 and −27.6 mV at pH 7.0,
respectively. Kaolinite had a more negative surface, so it was
incapable of promoting the coagulation of formed colloidal
particles. In the Kln&Fe(II)&As system, kaolinite should play a
complicated role rather than a coagulant to change the
physicochemical characteristics of final As products.

Nanocolloidal Fe(III)−As Formed in the Absence of
Kaolinite. According to dynamic light scattering (DLS) and
TEM analyses (Figures 1c and 2a), the oxidation products
generated in the binary Fe(II)&As system were nanosized
particles or aggregates with diameters of 30−200 nm. The
TEM image (Figure 2a) showed that single particles were
spherical and with ∼50 nm diameters, and several particles
aggregated to create a larger aggregate up to 200 nm. The
average hydrodynamic diameter was ∼80 nm, as indicated by
DLS analysis (Figure 1c). In the high-angle annular dark field
(HAADF) image and corresponding element maps (Figure
2a), an aggregate with four spherical particles was clearly
observed, and each particle was composed of Fe, As, and O.

The element composition was also supported by XPS analysis
(Figure S1). The high-resolution XPS spectra for Fe 2p and As
3d as well as the Fe and As K-edge XANES spectra (maxima at
7131.2 eV for Fe and 11874.3 eV for As) verified the valence
states of Fe(III) and As(V) (Figures S1 and S2). Such
nanocolloidal Fe(III)−As products could completely pass
through 0.45 μm filters, resulting in the presence of As in the
filtrates (Figure 1a). The monitoring results of Fe(II), Fe(III),
and Fe(tot) concentrations in the filtrates (<0.45 μm) proved
that all Fe(III) products were transported through the filters
(Figure S3). Using 0.02 μm filters to remove the nanocolloidal
Fe(III)−As particles from the solution, the truly dissolved As
concentrations after Fe(II) oxidation were measured to be 21
μM, and then the molar As/Fe ratio of the Fe(III)−As solid
was calculated to be ∼0.40 (i.e., 79/200) in agreement with
the value (0.39) obtained from TEM-EDS analyses (Figure
S4). Therefore, Fe(II) oxidation transformed truly dissolved As
ions only into Fe(III)−As nanocolloids that still had high
mobility and environmental risks.
The Fe(III)−As nanocolloids were further characterized by

XRD (Figure S5), high-resolution transmission electron
microscopy (HRTEM) (Figure S6), and XAS (Figure 3) to
reveal their phase composition and structural features. The
XRD patterns of Fe(III)−As solids showed no obvious peaks,
suggesting to be poorly crystalline (Figure S5). Diffuse spots in
the fast Fourier transform (FFT) pattern of the HRTEM
image of a single Fe(III)−As nanoparticle also confirmed its
poor crystallinity (Figure S6). Carefully, a few lattice fringes

Figure 2. TEM-EDS analyses of (a) Fe(III)−As and (b) Kln−Fe(III)−As products generated from Fe(II) oxidation in the absence and presence of
kaolinite. The initial concentrations of Fe(II), As, and kaolinite (if present) were 200 μM, 100 μM, and 10 g/L, respectively, with a fixed pH of 7.0.
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were observed in the HRTEM image (Figure S6), which had a
short-range periodicity of 2.50 Å in agreement with the d-
spacing of the ferrihydrite (Fh) (2.55 Å),38 implying that the
Fe(III)−As nanocolloids contain Fh-like short-range-ordered
As-rich hydrous ferric oxide (HFO). Previous studies have
indicated that the As(V) adsorption maxima of ferrihydrite are
about 0.2−0.3 As(V)/Fe,39,40 which is lower than 0.40 (the
As/Fe molar ratio of the Fe(III)−As nanoparticles). This
suggested that the As-rich HFO is not the only phase in the
Fe(III)−As nanocolloids. Voegelin et al. investigated the
Fe(III)−precipitate formation during Fe(II) oxidation in the
presence of phosphate at pH 7.0 and concluded that
amorphous basic Fe(III)−phosphate with a minimum P/Fe
ratio of 0.55 formed first and continuing Fe(II) oxidation
resulted in the formation of P-rich HFO.41 Ehlert et al. also
observed a mixture of amorphous Fe(III)−arsenate and

As(V)-rich ferrihydrite in the coprecipitates of As(V) and
Fe(III) at pH 6.42 In the HRTEM image, highly disordered
and short-range-ordered regions were observed distinctly,
which likely displayed the amorphous Fe(III)−arsenate and
As-rich HFO (Figure S6). Accordingly, it is reasonable to
suggest that the nanocolloidal Fe(III)−As particles are
mixtures of different phases (mixing of amorphous basic
Fe(III)−arsenate and As-rich HFO within spherical particles).
Arsenic and Fe K-edge EXAFS spectra and their Fourier

transforms of the Fe(III)−As nanocolloids confirmed the
existence of amorphous basic Fe(III)−arsenate and As-rich
HFO (Figures 3g,h and S7). The first-shell-fit of As K-edge
EXAFS spectra returned values near 4 for CNAs−O and 1.69 Å
for RAs−O (Table 1), verifying the tetrahedral coordination of
As(V).43 Fit of the second shell was within the fit-derived
uncertainties of an As−Fe path with an RAs−Fe of 3.29 Å and a

Figure 3. (a) ζ-Potentials of Kln, Fe(III)−As, and Kln−Fe(III)−As and the mixture of Kln and Fe(III)−As; (b) correlation of As and Fe(III) in
the Fe(III)−As and Kln−Fe(III)−As precipitates varying with the Fe(II) oxidation extent; (c) adsorbed Fe(II) as a function of reaction time in the
Kln&Fe(II)&As system under oxic and anoxic conditions; (d) pseudo-first-order kinetics of total Fe(II) in the Fe(II)&As and Kln&Fe(II)&As
systems (based on the raw data in Figure 1b); (e) ATR-FTIR spectra collected during the oxidation of Fe(II) by oxygen on the kaolinite surface in
the presence of As; (f) high-resolution XPS spectra of O 1s for Kln−Fe(III)−As and pure kaolinite; (g, h) Fourier-transformed As and Fe K-edge
EXAFS spectra of Fe(III)−As and Kln−Fe(III)−As (magnitude and real part (open circles)) and comparison with shell-fits (solid lines, fit
parameters in Table 1), and (i) Morlet wavelet transforms of k2-weighted Fe K-edge EXAFS spectra (κ = 8, σ = 0.8) of Fe(III)−As and Kln−
Fe(III)−As.
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CNAs−Fe of 2.2 (Table 1). These structural parameters were
consistent with AsO4 tetrahedra bonding to Fe(III) polyhedra
in the binuclear, corner-sharing geometry,37 which was also
supported by ATR-FTIR analysis showing a strong well-
resolved band at 817 cm−1 (Figure S8). This kind of local As
coordination was previously proposed in amorphous basic
Fe(III)−arsenate and As(V)-rich HFO.44,45

The shell-fit of Fe K-edge EXAFS spectra yielded an Fe−Fe
path with an RFe−Fe of 3.07 Å and a CNFe−Fe of 1.6 besides the
Fe−As path (Table 1). This Fe−Fe path corresponded to
edge-sharing FeO6,

46 indicating the presence of HFO and basic
Fe(III)−arsenate in the Fe(III)−As nanocolloids. For the
amorphous Fe(III)−arsenate formed at low pH, Fe−Fe
backscattering pairs are absent,47 but at near-neutral pH,
Fe(III) hydrolysis, polymerization, and complexation with
arsenate can take place concurrently, resulting in the Fe−Fe
linkage in amorphous basic Fe(III)−arsenate.48 The inclusion
of an additional Fe−Fe path with distances of 3.43 Å
corresponding to corner-sharing FeO6 octahedra returned
physically impossible CNFe−Fe values, suggesting that poly-
hedral linkages of longer distances, such as corner-sharing
FeO6 octahedra, are not present in detectable amounts. The
presence of AsO4 limits the Fe(III) polymerization to the stage
of monomers and oligomers, resulting in the formation of
Fe(III)−As nanoparticles (as discussed in Text S5).
The uptake capacity of amorphous Fe(III) polymers

coprecipitated in the presence of oxyanions has been reported
to approach 0.7 mol per mol Fe.41,45 At the early stage of
Fe(II) oxidation, the Fe(III)/As molar ratio in the system is
≪1, which is consistent with the conditions under which
amorphous Fe(III)−arsenate forms.11 The dynamics of the
molar As/Fe(III) ratio of the formed Fe(III)−As precipitates
confirmed the formation of amorphous basic Fe(III)−arsenate
with a molar As/Fe(III) ratio of ∼0.6 at the early stage of
Fe(II) oxidation (Figure S10). Moreover, the reduction of As/
Fe(III) ratio from about 0.6 to 0.4 over the Fe(II) oxidation
time (Figure S10) implied the formation of As-rich HFO in

addition to amorphous basic Fe(III)−arsenate. Figure S11
shows the two-stage correlation of As and Fe(III) in the
formed Fe(III)−As nanocolloids, which indicates the prefer-
ential formation of amorphous basic Fe(III)−arsenate with
0.59 As/Fe(III) and the subsequent formation of As-rich HFO
with 0.24 As/Fe(III). Thus, a material consisting of both 46%
amorphous basic Fe(III)−arsenate and 54% As-rich HFO can
account for the 0.40 As/Fe molar ratio observed in the
Fe(III)−As nanocolloids.

Microparticulate Kln−Fe(III)−As Formed in the Pres-
ence of Kaolinite. In the presence of kaolinite, micron-sized
products with an average hydrodynamic diameter of 0.9 μm
were detected (Figure 1c), suggesting that the oxidation
products of the Kln&Fe(II)&As system can be easily removed
by 0.45 μm filters. The products were mainly composed of O,
Si, Al, Fe, and As (Figure S1). Comparing the TEM images of
the products and pure kaolinite (Figures 2b and S12), it was
found that a new solid phase (dark aggregates in the bright-
field TEM image) emerged at the edges of the kaolinite plates.
Element maps showed that the outer ring of kaolinite plates
was composed of Fe and As (Figure 2b), indicating newly
formed Fe−As phases on the edge surfaces of kaolinite. This
kind of distribution of oxidation products was unlike that in a
Mn(II)&Kln system reported by Yang et al.49 They found that
the crystallization of MnOx mostly occurred on the basal
surfaces of kaolinite after 28 days of reaction. The different
phenomena may be related to the limited loading capacity of
the edge surfaces of kaolinite as well as the surface charge of
the newly formed phases. The loading amount of metal on
kaolinite surfaces in the Mn(II)&Kln system (400 μmol Mn
per g kaolinite) was much higher than that in our Fe(II)&Kln
system (20 μmol Fe per g kaolinite), so that only <5% of initial
aqueous Mn(II) were adsorbed by the edge surfaces of
kaolinite.49 As a result, most of the Mn(II) oxidation and
further precipitation might occur outside the edge surfaces.
Moreover, the newly formed MnOx had positively charged
surfaces and could be electrostatically attracted by the

Table 1. EXAFS Parameters Determined by Shell-Fit Analysis of As and Fe K-edge EXAFS Spectra of the Fe(III)−As and Kln−
Fe(III)−As Products Generated from Fe(II) Oxidation in the Absence and Presence of Kaolinitea

samples paths CNb R (Å)c σ2 (Å2)d ΔE0 (eV)
e R-factorf red χ2g

As K-edge EXAFS
Fe−As As−O 4.3(0.3) 1.69(0.01) 0.002(0.001) 6.0 (1.0) 0.014 395

As−O−O 12 3.07(0.01) 0.002(0.001)
As−Fe 2.2(0.7) 3.29(0.02) 0.010

Kln−Fe−As As−O 4.4(0.3) 1.69(0.01) 0.002(0.001) 5.7(1.0) 0.016 282
As−O−O 12 3.07(0.01) 0.002(0.001)
As−Fe 2.2(0.8) 3.29(0.03) 0.010

Fe K-edge EXAFS
Fe−As Fe−O 5.6(0.5) 2.00(0.01) 0.008(0.001) −0.7(0.9) 0.013 426

Fe−Fe 1.6(0.8) 3.07(0.04) 0.010
Fe−As 1.7(0.7) 3.27(0.05) 0.010

Kln−Fe−As Fe−O 5.2(0.6) 1.97(0.01) 0.009(0.002) −1.7(1.4) 0.021 151
Fe−Fe 1.1(0.5) 3.07(0.04) 0.010
Fe−Si 1.2(0.7) 3.23(0.04) 0.010
Fe−Al 0.8(0.6) 3.43(0.05) 0.010

aThe passive amplitude reduction factor, S02, was fixed as 0.95 (As) or 0.85 (Fe). Fit ranges: 3 ≤ k ≤ 13.5, 0.9 ≤ R ≤ 3.6 for As and 3 ≤ k ≤ 11, 1 ≤
R ≤ 4 for Fe. Parameter uncertainties are given in parentheses. Constrained parameters appear without parentheses. bCN is the coordination
number (path degeneracy). cR is the mean half-path length (interatomic distance). dσ2 is the Debye−Waller parameter. eΔE0 is the energy shift
parameter. fR-factor = ∑i(datai − fiti)2/∑i datai2.

gReduced χ2 = Nidp/Npts ∑i((datai − fiti)/εi)2/(Nidp − Nvar), where Nidp, Npts, and Nvar,
respectively, are the number of independent points in the model fit, the total number of data points, and the number of variables in the fit, and εi is
the uncertainty at each data point i.51
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negatively charged basal surfaces of kaolinite, resulting in their
further crystallization by particle attachment on the basal
surfaces.49 For our Fe(II)&Kln system with As(V), however,
the crystallization of Fe−As phases on the basal surfaces
should be hindered due to the negatively charged surfaces of
Fe−As phases (Figure 3a). Thus, we believe that the edge
surfaces of kaolinite are dominant in hosting Fe−As phases due
to their higher reactivity than basal surfaces.16,50

The molar As/Fe(III) ratio of the Kln−Fe(III)−As product
was 0.4 (i.e., 80/200) consistent with that of Fe(III)−As
precipitates generated in the kaolinite-free system, implying the
similarity of newly formed Fe(III)−As phases in the presence
and absence of kaolinite. In the edge region of the Kln−
Fe(III)−As product, two solid phases with a clear boundary
were observed in the enlarged TEM image (Figure S13), which
were kaolinite and Fe(III)−As phases, respectively. The
HRTEM image of the Fe(III)−As phases showed disordered
regions as well as a few short-range-ordered nanocrystals
(Figure S13), indicating the presence of two types of possible
Fe(III)−As phases. The short-range-ordered nanocrystals had
a d-spacing of 2.50 Å (Figure S13) in agreement with the
short-range-ordered HFO in the Fe(III)−As nanocolloids
(Figure S6). And the disordered region may be amorphous
basic Fe(III)−arsenate as that in the Fe(III)−As nanocolloids.
The monitoring of the As/Fe(III) molar ratio of newly formed
precipitates on kaolinite surfaces supported the presence of
amorphous basic Fe(III)−arsenate that has a molar As/Fe(III)
ratio of ∼0.6 (Figure S10), similar to that in the kaolinite-free
system. The reduction of As/Fe(III) ratios to 0.4 came earlier
than that of the kaolinite-free system (Figure S10). These
similar features in the morphology and composition of
Fe(III)−As phases formed in the presence and absence of
kaolinite indicated that Fe(III)−As phases on kaolinite
surfaces were also mixtures of amorphous basic Fe(III)−
arsenate and As-rich HFO, whose As/Fe(III) ratios were 0.59
and 0.25 (Figure 3b), respectively.
The similar As K-edge EXAFS spectra of Fe(III)−As and

Kln−Fe(III)−As products confirmed their similar As local
coordination (Figures S7 and 3g). Shell-fit of the As K-edge
EXAFS spectrum of Kln−Fe(III)−As returned an As−Fe path
with an RAs−Fe of 3.29 Å and a CNAs−Fe of 2.2 (Table 1), which
was identical to the results for Fe(III)−As nanocolloids in the
kaolinite-free system. This identity is further visualized in
Figure S14, where the wavelet transform plots showed the
same signal intensity of backscattering As in the Fe(III)−As
and Kln−Fe(III)−As products. Therefore, we further conclude
that As phases in the Kln−Fe(III)−As product include
amorphous basic Fe(III)−arsenate and As(V)-rich HFO
(with mainly edge-sharing Fe(III)-polymers) as that in the
Fe(III)−As nanocolloids, maybe via heterogeneous precip-
itation on kaolinite surfaces.

Role of Kaolinite in As Immobilization during Fe(II)
Oxidation. The possibilities of (i) adsorption or coadsorption
of As onto kaolinite and (ii) deposition of Fe(III)−As
nanocolloids on kaolinite were excluded (as shown in Text
S6). Therefore, kaolinite most likely participated in As
immobilization in the ternary Kln&Fe(II)&As system from
beginning to end. The possible processes may include Fe(II)
adsorption onto kaolinite, heterogeneous Fe(II) oxidation, and
heterogeneous coprecipitation of Fe(III) and As on kaolinite
surfaces.

Fe(II) Adsorption onto Kaolinite. A dynamic process of
Fe(II) adsorption in the Kln&Fe(II)&As system during Fe(II)

oxidation is shown in Figure 3c, which was determined by the
difference of Fe(II) concentrations in suspensions and filtrates.
The amounts of adsorbed Fe(II) at pH 7.0 gradually decreased
with Fe(II) oxidation. The initial adsorbed Fe(II) was ascribed
to the rapid adsorption of Fe(II) by kaolinite, which occurred
within several seconds as dissolved Fe(II) encountered
kaolinite (Figure 3c). According to the adsorption isotherm
experiments under anoxic conditions (Figure S16), the
maximal adsorption capacity of Fe(II) onto kaolinite was
∼11.7 μmol/g at pH 7.0, which was derived from the
Langmuir isotherm model, showing the significant adsorption
ability of kaolinite for Fe(II). The negatively charged surface of
kaolinite provided favorable conditions for Fe(II) adsorption,
and the ζ-potential at pH 7.0 was −52.3 mV (Figure 3a). The
surface negative charge of kaolinite at neutral pH mainly comes
from pH-dependent variable charge caused by deprotonation
of hydroxyl groups on edge surfaces (e.g., �Si−OH and �
Al−OH), while that resulted from basal sites is few due to the
limited structural substitution.16 At pH values below 8.0,
Fe(II) is present as positively charged Fe2+ cations (Figure
S15), resulting in the natural attraction between kaolinite and
Fe(II). Although both inner-sphere surface complexation on
the edge sites and cation exchange on the basal sites could lead
to Fe(II) adsorption, the former was dominant since the basal
sites on kaolinite were commonly less than 10%.50,52

According to the in situ ATR-FTIR analysis, a negative peak
at 780−795 cm−1 appeared and increased with the ongoing
Fe(II) oxidation (Figure 3e), which could be assigned to
decreasing intensities of the Al−O−Si bending vibration in
kaolinite.53 The attenuated Al−O−Si bending vibration
indicated that the �Al−O−Si� sites contributed to Fe(II)
adsorption. Moreover, the shell-fit of the Fe K-edge EXAFS
spectrum for the Kln−Fe(III)−As product returned an Fe−Al
path with an RFe−Al of 3.43 Å (Table 1), indicating that one
orientation for the formed inner-sphere complexes is bidentate
bonding of Fe to oxygen atoms at two �Al−O−Si� edge
sites or one �Al−O−Si� and one �Al−OH edge sites.54 An
Fe−Si path with an RFe−Si of 3.23 Å was also obtained (Table
1), which corresponded to the monodentate bonding of Fe to
�Si−OH edge sites.55 In consequence, the active sites on the
kaolinite surfaces included �Al−O−Si�, �Al−OH, and �
Si−OH edge sites, consistent with previous theoretical
simulations and experimental results.56,57

In addition, the newly formed Fe(III) precipitates on
kaolinite surfaces due to the heterogeneous oxidation of
adsorbed Fe(II) could also contribute to further Fe(II)
adsorption. The role of Fe(III) precipitates in Fe(II)
adsorption during Fe(II) oxidation has been widely considered
to be an important player in transforming homogeneous
oxidation to heterogeneous oxidation in a pure Fe(II)
solution.28 Although kaolinite was not the only adsorbent for
Fe(II), it was responsible for the early Fe(II) adsorption and
provided a platform for the accumulation of Fe(III) solid
phases, implying that the subsequent reactions associated with
As immobilization would also be related to kaolinite.

Heterogeneous Fe(II) Oxidation. The accelerated oxidation
of Fe(II) in the Kln&Fe(II)&As system compared to that in
the Fe(II)&As system (Figure 1b) was caused by the
heterogeneous Fe(II) oxidation on kaolinite surfaces. Accord-
ing to Figure 3d, the Fe(II) oxidation in both Kln&Fe(II)&As
and Fe(II)&As systems followed pseudo-first-order kinetics.
The rate constants for Fe(II) oxidation in the Kln&Fe(II)&As
and Fe(II)&As systems were 0.191 and 0.057 min−1,
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respectively, indicating that the Fe(II) oxidation rate of the
Kln&Fe(II)&As system was approximately 3.4 times that of
the Fe(II)&As system. The enhanced Fe(II) oxidation is
related to the inner-sphere complexation of Fe(II) on surface
oxygen/hydroxyl sites of kaolinite.27 This kind of complexation
can alter the coordination environment around the Fe(II)
center and thereby make adsorbed Fe(II) a better reducing
agent.26 It is necessary to point out that the kaolinite-induced
heterogeneous Fe(II) oxidation predominated only in the
initial stage of Fe(II) oxidation. When Fe(III) solid phases
resulting from Fe(II) oxidation accumulated and covered
kaolinite surfaces, Fe(II) adsorption on Fe(III) solid phases
primarily occurred, which began to dominate the subsequent
heterogeneous Fe(II) oxidation until all Fe(II) was trans-
formed to Fe(III).

Heterogeneous Nucleation and Precipitation of Fe(III)−As
Phases. The formation of Fe(III)−As phases, including
amorphous basic Fe(III)−arsenate and As-rich HFO in the
Kln−Fe(III)−As product, should involve the heterogeneous
nucleation and precipitation of Fe(III) and As on the surface of
kaolinite. Two possible heterogeneous nucleation pathways
were supposed: (i) a synchronous pathway for amorphous
basic Fe(III)−arsenate, where Fe(III) and arsenate ions
nucleated simultaneously on kaolinite surfaces, forming
amorphous basic Fe(III)−arsenate directly; (ii) a stepwise
pathway for As-rich HFO, where HFO formed first on
kaolinite edges and was transformed subsequently to As-rich
HFO upon reacting with As. In either case, the interaction
between Fe(III) and kaolinite edge sites was essential for
heterogeneous nucleation and precipitation.
Iron K-edge EXAFS and ATR-FTIR analyses confirmed the

interaction between Fe and kaolinite. The fitted Fe−Al path
with an RFe−Al of 3.43 Å from the Fe K-edge EXAFS spectrum
(Table 1) and the negative peak at 780−795 cm−1 in the ATR-
FTIR spectrum (Figure 3e) together highlighted the role of �
Al−O−Si� sites in bonding Fe. Other active sites included �
Al−OH and �Si−OH edge sites based on the Fe K-edge
EXAFS analysis (Table 1). The presence of Fe−Si/Al near-
neighbor pair interaction was also illustrated in the
corresponding wavelet transform of the Fe K-edge EXAFS
spectrum of the Kln−Fe(III)−As product, in which a new
scattering signal at R + ΔR = 2.6 Å and k = 6.3 Å−1 occurred
relative to that in the Fe(III)−As product (Figure 3i).
According to the in situ ATR-FTIR analysis, the attenuation

at 780−795 cm−1 (corresponding to the bending vibration of
Al−O−Si) and growth at 840−860 cm−1 (due to the
stretching vibration of As−O) (Figure 3e) occurred simulta-
neously,53,58 implying that the complexation of Fe to �Al−
O−Si� sites and the linkage of Fe and As were simultaneous.
This process may result in the formation of amorphous basic
Fe(III)−arsenate via the simultaneous nucleation of Fe(III)
and As on kaolinite surfaces.

The formation of As-rich HFO on kaolinite surfaces was
evidenced collectively by Fe K-edge EXAFS, ATR-FTIR, and
XPS analyses. Shell-fit of the Fe K-edge EXAFS spectrum of
the Kln−Fe(III)−As product yielded an Fe−Fe path with an
RFe−Fe of 3.07 Å (Table 1) attributed to edge-sharing FeO6,
indicating the presence of HFO in the Kln−Fe(III)−As
product.46 According to the in situ ATR-FTIR analysis of
Fe(II) oxidation in the presence of kaolinite and As, the peak
at 1047 cm−1 due to the bending vibration of hydroxyl groups
of Fe−OH gradually increased (Figure 3e), suggesting the
formation of HFO on kaolinite surfaces.8 This newly formed
HFO was also supported by the high-resolution XPS spectrum
of O 1s of the Kln−Fe(III)−As product, in which a new peak
at 530.0 eV analogous to lattice oxygen O2− in Fe(III)
(hydr)oxides was observed.59

In summary, As(V) was immobilized via a three-step
heterogeneous pathway in the presence of kaolinite driven by
Fe(II) oxidation (Scheme 1). First, kaolinite rapidly adsorbed
Fe(II) onto its surface sites at the mineral edge via forming
inner-sphere complexes within several seconds, including
monodentate mononuclear complexes corner-sharing with �
Si−OH sites and bidentate binuclear complexes corner-sharing
with �Al−O−Si� oxygen sites and �Al−OH hydroxyl sites.
This kind of complexation allowed adsorbed Fe(II) to be
oxidized in a heterogeneous way, with a significantly enhanced
rate relative to homogeneous oxidation. After Fe(II) oxidation,
the newly formed Fe(III) would heterogeneously nucleate and
precipitate with As on kaolinite surfaces. In the end, the
dissolved As was immobilized as micron-sized Kln−Fe(III)−
As ternary precipitates, thereby limiting As mobility.

Environmental Implications. We report that kaolinite
enhances As(V) immobilization during Fe(II) oxidation by
inducing the formation of As-bearing products with large sizes
to reduce the As mobility. Kaolinite surfaces provide edge sites
for Fe(II) adsorption, subsequent heterogeneous oxidation,
and the final heterogeneous nucleation and precipitation of
Fe(III)−As phases surrounding the edge. In contrast to the
prior notion that the fate of As was almost not affected by
kaolinite,13 this work highlights the significant role of kaolinite
in As immobilization. The presence of kaolinite suppresses the
formation of Fe(III)−As nanocolloids regardless of DO
concentrations and pH (Figure S18), which may be of
particular significance to adequate prediction and assessment
of As transport in subsurface environments.
The interaction between kaolinite and As with Fe as a bridge

characterized here also offers a new perspective to understand
the impact of other nonferrous minerals in subsurface
environments on the fate of As as well as other oxyanions
like phosphate. In this work, we reveal that the impact of
kaolinite on As species transformation is based on its role in
catalyzing Fe(II) oxidation and in forming associations with
the resulting Fe(III) phases. Considering the reported role of
montmorillonite, illite, AlOOH, Al2O3, and TiO2 in catalyzing

Scheme 1. Heterogeneous Pathway of As(V) Immobilization on Kaolinite Edge Surfaces Driven by Fe(II) Oxidation
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Fe(II) oxidation via surface adsorption,60−63 we believe that
these nonferrous minerals may have similar impacts on As
species transformation.
The role of kaolinite in suppressing the Fe(III)−As

nanocolloid formation can be expected for anoxic groundwater
containing Fe(II) and arsenate when brought into contact with
O2, for example, by the introduction of DO due to
groundwater table fluctuation.24 Considering the flow charac-
teristics of groundwater and the dynamics of Fe(II)
oxidation,41,64 spatially separated formation of Fe(III)−As
nanocolloids may develop along subsurface flow paths. Also,
partial Fe(II) oxidation due to limited dissolved oxygen may
result in the localized formation of Fe(III)−As nanocolloids,
even in waters with high Fe(II)/As ratios. In both cases, the
presence of kaolinite can lead to the formation of large-sized
Kln−Fe(III)−As precipitates rather than Fe(III)−As nano-
colloids, reducing As mobility. Moreover, the shift of Fe(III)−
As nanocolloids to Kln−Fe(III)−As precipitates is applicable
to low DO conditions (Figure S18), suggesting that the role of
kaolinite in controlling As species has extensive environmental
significance.
This study focused on the effect of kaolinite at a relatively

low initial Fe(II)/As ratio until complete Fe(II) oxidation,
avoiding the masking effects of large-sized products formed at
high initial Fe/As ratios on kaolinite’s roles. Figure S18 shows
that the formation of Fe(III)−As nanocolloids was usual at
initial Fe(II)/As molar ratios ≤2, while large-sized products
that can be retained by 0.45 μm filters were formed dominantly
at high Fe(II)/As initial ratios due to the precipitation of
different Fe(III) phases and the reduced negative surface
charge.6,65 As a result, the role of kaolinite in As
immobilization should be concealed at high initial Fe(II)/As
ratios, although the heterogeneous precipitation of Fe(III)−As
phases on kaolinite surfaces still occurred. Relatively low initial
Fe/As ratios are frequent in high-As-contaminated ground-
water of industrial sites. In this study, the As concentration
used was at a mg/L level, consistent with As-contaminated
groundwater reported in mining, smelters, and chemical
industry-related sites.66,67

Although we have investigated several factors, including
kaolinite concentrations, DO concentrations, pH, and initial
Fe/As ratios (Figure S18), there are still many other factors
that might interfere with the interaction among Fe, As, and
kaolinite in the real natural environment, such as other
minerals, organic matter, and other cations and oxyanions. The
presence of metal oxides with strong affinity for As may lead to
the direct adsorption of As on mineral surfaces,68 competing
with the uptake of As by newly formed Fe(III)-phases from
Fe(II) oxidation in bulk solution and/or on kaolinite surfaces.
When permanent charge-rich clay minerals like smectite
coexist with kaolinite, part of As may be immobilized on
basal surfaces of permanent charge-rich clay minerals via
forming cation bridging complexes of As.19 Organic matter
(OM), such as humic substances, has abundant functional
groups that can participate in the reaction among kaolinite, Fe,
and As to form various possible products like OM−Fe−As and
Kln−OM−Fe−As.10 In the presence of competing cations with
Fe(II), especially those having a stronger affinity to kaolinite
edge sites (e.g., Cu and Pb),16 less Fe(II) could be adsorbed
and oxidized on the surface of kaolinite and thus less Kln−
Fe(III)−As precipitates could be generated. Also, the presence
of competing oxyanions with As could impact the formation of
Fe(III)−As precipitates as well as ternary Kln−Fe(III)−As

precipitates by occupying available Fe(III) sites.4 Therefore,
further studies are required to quantify the effects of coexisting
components in the real natural environment on Fe oxidation,
precipitation, and the resulting impact on As transformation in
the presence of kaolinite.
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