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ARTICLE INFO ABSTRACT

Editor: Hailiang Dong Goethite is the most stable iron hydroxide mineral in geological environments, and it is usually crystallized with
Keywords: more than one type of substituent. However, the synergetic or antagonistic effects of coexisting cations on
Iron hydroxides substitution for lattice Fe in gothite are unclear. In this study, a series of Co-, Al-, and Co + Al co-substituted
Goethite goethite samples were synthesized at room temperature and then investigated by powder XRD, X-ray photo-
Isomorphous substitution electron spectroscopy (XPS), X-ray absorption fine structure spectroscopy (XAFS), density function theory (DFT)
Cobalt calculations, and acid dissolution experiments. All the obtained samples were pure goethite, except the one with

Linear free energy relationship a high total content of Co + Al that contained a portion of 2-line ferrihydrite. Lattice parameter a of Co + Al co-

substituted goethite was linearly decreased with the final Co content, lattice parameter b and calculated crystal
density had the best negatively linear relationships with Al content while lattice parameter c, cell volume,
average edge-sharing Fe — Me (Me = Fe, Al, and Co) distances along c* and b* axis (E’ and E) and average
corner-sharing Fe — Me (DC) distances had the best linear correlations with the total contents of Co + Al
Aluminum and Co were found to be evenly distributed in goethite structure, and both reduced the mineral
particle size. Co coexisted in a mixed valance of +2 and +3, and the proportion of Co>* increased with the
increase of Co content in Co-substituted goethite owing to relatively high electric potential energy and decreased
with the increase of coexisting AI>* content in Co + Al co-substituted goethites because of relatively low al-
kalinity in local environments around Co®*. Incorporation of Co greatly promoted the mineral dissolution in 2 M
HCI solution at 298 K. Fe K-edge EXAFS analysis indicated almost constant local order around Fe in these
samples. Coexisting Al had almost no effect on Co incorporation into goethite structure but Co suppressed Al
substitution for lattice Fe. This preference of Co over Al to substitute for Fe was explained by the predicted
partition coefficients (Kq) of common trivalent substituents in goethite by using the linear free energy re-
lationship. It highlights the necessity to take into consideration not only the substituent physical properties (size
and charge) but also their chemical properties (chemical bonding energy and chemical potential). These results
enhanced our understanding of the incorporation of exotic cations into the iron oxide structures and the mutual
effects of coexisting cations on substitution for lattice Fe.

1. Introduction conditions they crystallized (Cornell and Schwertmann, 2003;
Navrotsky et al., 2008). Goethite, a-FeOOH, is the most widespread

Iron hydroxides are ubiquitously occurred in environmental, geo- iron oxyhydroxide in near-surface environment of the Earth, e.g. soils
logical, and planetary systems, and exist in a number of polymorphs and lake sediments (Cornell and Schwertmann, 2003; Lower et al.,

with variable structure order and crystal size depending on the 2001; Lu et al., 2019a; van der Zee et al., 2003), owing to its high
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thermodynamic stability (Cornell and Schwertmann, 2003; Guo and
Barnard, 2013). Especially it is one of the most important active mi-
nerals in red soils, laterite, and lateritic bauxite deposits in tropical,
subtropical, and temperate regions (Liu et al., 1994; Yin et al., 2016; Yu
et al., 2016). Owing to its common nanophase, high specific surfaces,
and enrichment of surface active sites and defects, goethite plays a
critical role in controlling the biogeochemical cyclings of various en-
vironmentally relevant substances, such as C, N, P, and S and toxic
heavy metals (Borch et al., 2010; Chen et al., 2015; Cornell and
Schwertmann, 2003; Flynn and Catalano, 2018; Liu et al., 2019a; Yu
et al., 2016).

During weathering, crystallization, and dynamic transformation of
iron hydroxides in the natural environment, Fe>* and/or Fe** is al-
ways crystallized with the presence of various exotic metal cations, and
consequently, natural iron hydroxides are rarely pure (Cornell and
Schwertmann, 2003; Singh and Gilkes, 1992). Iron hydroxide minerals
accumulate these exotic metal cations mainly through adsorption, iso-
morphous substitution, and precipitation (Gerth, 1990; Huynh et al.,
2003; Kaur et al., 2009a; Kaur et al., 2009b; Kaur et al., 2010; Swedlund
et al., 2009). Isomorphous substitution of exotic cations into the mi-
neral structures would affect the mineral physicochemical properties,
and thus their environmental behaviors (Cornell and Schwertmann,
2003; Kaur et al., 2009a; Singh and Gilkes, 1992; Singh et al., 2010).

Natural goethite minerals in soils are usually found to accommodate
quite a large amount of various exotic metal cations (Cornell and
Schwertmann, 2003; Dublet et al., 2017; Norrish and Taylor, 1961;
Singh et al., 2010). Aluminum has the highest substituted level in
goethite structure and can be as high as ~33 mol% (Schwertmann and
Carlson, 1994). For other cations, the incorporation level into goethite
structure is generally higher for trivalent ions (V3*, Cr**, Mn®*, Co®*,
Ga®*) than divalent (Ni%*, Cu®™", Zn?*, Cd%", Pb®") and tetravalent
cations (Ti**, Th**) (Singh et al., 2010; Yin et al., 2018). Of the
common trivalent cations that substitute Fe in goethite, Mn®* and Go®*
are sensitive to redox conditions. Mn always exists in +3 after in-
corporation into goethite structure (Dublet et al., 2017; Liu et al., 2018;
Wells et al., 2006), while Co can be either Co®** or Co®>* in goethite
lattice (Alvarez et al., 2008; Alvarez et al., 2015; Dublet et al., 2017;
Pozas et al., 2004). It was reported that Co-substituted goethite syn-
thesized by oxidation and precipitation of Fe** and Co®* in sodium
carbonate solution contained Co(II) in lattice (Pozas et al., 2004) while
that synthesized by precipitation of Fe>* and Co®* in potassium hy-
droxide solution contained Co(IIl) in lattice (Alvarez et al., 2008;
Alvarez et al., 2015; Pozas et al., 2004). In the uppermost lateritic
horizons in a 64 m thick lateritic regolith developed upon peridotites in
New Caledoni, Co occurred as Co(Il) replacing for lattice Fe(III) in
goethite (Dublet et al., 2017). At a Co content of 10 mol%, Co(II) sub-
stitution for Fe in goethite slightly increased the lattice parameters and
cell volume (Pozas et al., 2004). Co(IIl) substitution for Fe in goethite
gradually reduced the lattice parameters and cell volumes with the
increase of Co content (Alvarez et al., 2008). However for a series of Co-
substituted goethites samples with Co contents of 0-9.5 mol%, lattice
parameter b gradually decreased with the Co content, but the cell vo-
lume firstly increased at a Co content of 0.5 mol% and then gradually
decreased. Though X-ray diffraction and thermal analysis suggested the
predominant presence of Co®>", the exact Co oxidation state was not
clear (Gasser et al., 1996).

Natural goethites usually contain more than one exotic cations
(Gerth, 1990; Manceau et al., 2000; Singh and Gilkes, 1992; Trolard
et al., 1995; Yin et al., 2016). A few studies have documented the co-
substitution of di- and multi-cations into goethite structure. (Kaur et al.,
2009a; Kaur et al., 2009b; Kaur et al., 2010) studied the incorporation
of multi-metals involving Cr/Cd/Pb/Zn/Cu into goethite. It was found
that a general sequence of maximal metal substitution was Cu >
Zn > Cr~Cd > Pb, which was different from that of single metal
substitution (Kaur et al., 2009a; Kaur et al., 2009b). In another study of
Co + Mn co-substituted goethites, no synergetic or antagonistic effects
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were detected between Co and Mn (Alvarez et al., 2015). However, co-
incorporation of Al** with other cations into the goethite structure is
noteworthy focused by taking into consideration the following facts
about Al**: 1) the most abundant metal element in Earth's crust, 2)
ubiquitous in rocks and soils, 3) its almost coincident mobilization with
Fe during weathering, and 4) the most enrichment substituent in iron
hydroxides (Cornell and Schwertmann, 2003; Liu et al., 2019a; Norrish
and Taylor, 1961; Schwertmann and Carlson, 1994). Yet limited studies
were conducted on this. Co-incorporation of Mn and Al into goethite
increased the unit cell volume and various Me-Me (Me = Fe, Mn and
Al) distances. The dissolution rate of the minerals in 6 M HCI at 318 K
increased with increasing Mn content. Al was homogeneously dis-
tributed in the goethite structure while Mn tended to accumulate in the
outer layers. And Mn®* was found to inhibit A1>* substitution for Fe®*
(Alvarez et al., 2007). Later a series of Mn + Co and Al + Co co-sub-
stituted goethites were then synthesized by the same authors in alkaline
media by aging several ferrihydrites. Co in the samples was suggested to
be Co®* as Co-substituted goethites had markedly reduced cell para-
meters compared to that of the pure sample. Incorporation of Al was
found to be larger than that of Co while the incorporation of Mn was
similar to that of Co (Alvarez et al., 2015). Based on the results of our
previous study on heavy metal speciations in contaminated soils that Cd
was mainly associated with crystalline goethite enriched with a high
amount of Al substitution (Yin et al., 2016), simultaneous incorporation
of Al + Cd into goethite was conducted in laboratory to investigate the
association mechanisms of Cd with goethite (Yin et al., 2018). It was
found that coexisting Al hardly affected the incorporation of Cd into the
goethite structure, but the presence of Cd would greatly hinder the
replacement of lattice Fe by Al. However, the underlying mechanisms
were unclear.

In the present study, a series of single Co-, Al- and Al + Co co-
substituted goethite samples were synthesized at room temperature.
Several techniques, including powder X-ray diffraction (XRD) with
Rietveld structure refinement, transmission electron microscopy (TEM),
X-ray photoelectron spectroscopy (XPS) and X-ray absorption fine
structure spectroscopy (XAFS) and wet chemistry analysis (acidic dis-
solution experiments) were combined, aiming to address the following
questions: (1) The exact Co oxidation states in the Co-containing sam-
ples, (2) The effects of Co- and Co + Al co-substitution on the physi-
cochemical properties of goethite, (3) Whether there are synergetic or
antagonistic effects of coexisting Co or Al on the incorporation of Al or
Co into the goethite structure, and (4) Try to elucidate the mechanisms
of the preferable substitution for Fe by Co over Al when both coexist.
These results can provide deep insights into the associated mechanisms
of coexisting cations with iron hydroxide minerals and more accurately
predict the fates of heavy metal pollutants in natural environments.

2. Materials and methods
2.1. Sample preparation

Single Co-, Al-, and Co + Al co-substituted samples were prepared
by homogeneous coprecipitation (Cornell and Schwertmann, 2003;
Huynh et al., 2003; Yin et al., 2018). Typically, certain amounts of Fe
(N03)3'9H20, AI(N03)39H20 and CO(N03)26H20 (Table S].) were
dissolved in 500 mL ultrapure water (18.2 MQ-cm resistance). Then,
300 mL of 5molL.~! KOH solution was added at a rate of 5 mLmin~*
under stirring, and the suspension pH was maintained > 13. The above
suspension was diluted to 2L, and then aged at room temperature for
12d, during which the container lid was opened and the suspension
was stirred for ~2 h every day for gas exchange (Kaur et al., 2009a; Yin
et al., 2018). After aging, the supernatant was discarded, and the re-
maining slurry was treated with 200mL of 0.2molL ™' oxalic acid/
ammonium oxalate solution (pH = 3.0) by shaking in dark at a speed of
80 rmin ! at room temperature for 2 h, in order to remove amorphous
materials. After washed by centrifugation, the obtained solids were
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Fig. 1. The constructed supercell of goethite (Fe3;MeOg4Hg32). Yellow balls represent Fe atom, red balls for O atom, blue balls for substituent Me (Al or Co atom), and
white balls for H. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

dried in an oven at 40 °C for several days and then ground and sieved
through 100 mesh, and stored for further use. The obtained samples
were named according to the nominal Co or Al concentrations. Single
Co-substituted samples included GCoM (M = 1-9), single Al-substituted
samples included 10AlG and 20AIG, and Co + Al co-substituted sam-
ples were named as NAIGCoM (N = 4, 10, 12 and 20; M = 1, 3 and 5).

2.2. Characterization

High resolution powder X-ray diffraction (XRD) patterns of the
obtained samples were collected on a Bruker D8 ADVANCE dif-
fractometer. The instrument was operated at a tube voltage of 40kV
and a current of 40 mA with Cu Ka radiation (A = 0.15418 nm), and
the scan rate was 1.2 s per step with a step size of 0.02° over a 2 theta
range of 15-85°. Based on the goethite model (JCPDS 81-0464) and
chemical compositions of the samples, Rietveld structure refinement
was carried out using the TOPAS software (version 4.2) (Rietveld, 1969;
Yin et al., 2018). Transmission Electron Microscopy (TEM) analysis was
performed to observe the crystal morphology and particle size. The
instrument (TEM, Philips-CM12) was operated at an acceleration vol-
tage of 120kV and an emission current of 10 pA. Samples were first
dispersed in anhydrous ethanol by ultrasonication and then dropped on
C-coated Cu grids. Cobalt 2p X-ray photoelectron spectra (XPS) were
collected using a VG Multilab2000 X-ray photoelectron spectrometer
with a Mg Ka X-ray source (1253.6 eV) using the large area mode with
a pass energy of 25 eV and an energy step size of 0.1 eV. The non-charge
corrected C 1s signal was set to 284.8 eV. Data were analyzed using
Avantage software, and Shirley background was used (Yin et al., 2011).

The concentrations of Fe, Co, and Al in the obtained samples were
determined by inductively coupled plasma atomic mass spectrometry
(ICP-AES), after completely dissolving a small amount of sample
powder (~0.1 g) in 10 mL of 6 M HCl solution in a 40 °C water bath. All
analyses were done in triplicate.

2.3. X-ray absorption fine structure (XAFS) spectroscopy

The XAFS data of these samples were collected at beamline 1W1B at
the Beijing Synchrotron Radiation Facility (BSRF) (Yin et al., 2012). Co
K-edge data were collected in fluorescence mode over the energy range
of 7509-8509 eV, and the energy correction (7709 eV) was performed

with metal Co foil. Fe K-edge data were collected in transmission mode
in the energy range of 6922-8012eV, and the energy correction
(7112 eV) was performed with metal Fe foil.

Data processing, including energy correction, background removal,
and normalization were performed with IFEFFIT software (Ravel and
Newville, 2005). The parameters used for background removal for Co
were EQ0 = 7723 eV, Rbkg = 1, and k-weight = 2, while that for Fe K-
edge spectra were EO = 7126 eV, Rbkg = 1, and k-weight = 2. Fe K-
edge EXAFS data were analyzed using several single scattering paths.
Phase and amplitude functions for single-scattering paths were calcu-
lated using FEFF7 (Rehr et al., 1992), based on a goethite structure
model (JCPDS 81-0464). Structural parameters (distance (R), co-
ordination number (CN), and Debye-Waller factor (6®) were obtained
by fitting the experimental k-weighted EXAFS spectra to the standard
EXAFS equation (Kelly et al., 2008) over a k range of 3.1 to 11.4 A™?
and an R range of 1-4 A~ . Hanning window function was used for the
Fourier transform and EXAFS fitting.

2.4. Dissolution experiments

Dissolution behaviors of several samples were investigated with a
single Co-substituted goethite (GCo3), a single Al-substituted sample
(20Al1G), and a Co + Al co-substituted goethite (20A1GCo3). Typically,
20 mg of the tested sample was dissolved in 400 mL of 2mol-L.~! HCl
solution at 25°C under continuous constant stirring. About 5mL of
aliquot was withdrawn at predetermined time intervals, and then im-
mediately filtered through a 0.22 ym membrane. Fe, Co, and Al con-
centrations in the filtrate were determined by ICP-AES.

2.5. Density function theory (DFT) calculations

The density functional theory (DFT) calculations were performed
using the Vienna Ab-initio Simulation Package (VASP) to study the Al
or Co substitution for Fe in goethite structure. The interaction between
core electrons and valence electrons was described by the projector-
augmented wave method (PAW). The Perdew — Burke-Ernzerhof (PBE)
GGA-exchange-correlation functional was applied in calculations. The
orbital-dependent corrections using DFT + U method with U = 4.0 was
introduced for describing the localization of electrons on Fe3d levels
(Belelli et al., 2014; Fuente et al., 2013; Zubieta et al., 2014). A large
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Fig. 2. Rietveld structure refinement of powder XRD patterns of singly Co-
substituted (a) and singly Al-substituted and Co and Al co-substituted goethite
samples (b). Blue lines are experimental data, and red lines are calculated

patterns. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

supercell size of ~128 atoms (1 X 3 X 2) was constructed for the cal-
culation (Fig. 1). The calculated lattice parameters of bulk goethite
were as follows: a = 10.0116 A, b = 12.1175 A, and ¢ = 9.2431 A, with
an antiferromagnetic (AFM) arrangement, where each Fe atom was
surrounded by other two Fe atoms with opposite magnetic-moments
along the a-vector axis of the supercell (Belelli et al., 2014; Fuente
et al., 2013; Zubieta et al., 2014). In relaxation, summations over the
Brillouin zone (BZ) were performed using a 4 X 1 x 2 Monkhorst-Pack
k-point mesh (Belelli et al., 2014). The smooth part of the wave func-
tions was expanded in plane waves with a kinetic energy cutoff of
450 eV (Fuente et al., 2013). The convergence criteria for the ionic
relaxation was —0.02 eV-A~ . The constructed pure supercell was la-
beled as Goe’, and the Al or Co substituted ones was labeled as AlG or
GCo correspondingly.

3. Results and analysis
3.1. Powder XRD

Powder XRD patterns of these single Co-, Al-, and Co + Al co-sub-
stituted goethite samples are demonstrated in Fig. 2 and Fig. S1. They
match well with that of goethite standard (JCPDS 81-0464). In-
corporation of Co, Al, and Co + Al leads to the attenuation of peak
intensities and increase of the full widths at half maxima (FWHMSs) of
the diffraction peaks. The peak positions also shift. With the increase of
Co content, the (110), (130), (111), (221), (151), (002) and (061) peaks
of single Co-substituted goethites gradually shift to the high angle. The
peaks of Al-substituted goethites also shift to high angle with increasing
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Al dopant level. This suggests that Co or Al substitution for Fe in goe-
thite lattice generally reduces unit cell parameters.

When the nominal Al concentration is 10 mol%, the peak intensities
of goethite change little with the increase of Co dopant level from 0 to
5mol% (Fig. 2b and Fig. S1b). When the nominal Al concentration is
20 mol%, the goethite peak intensities are greatly reduced with the
increase of Co dopant level. And the peaks also shift to right slightly.
When the nominal Co concentration is 5 mol%, the peak intensities are
generally decreased with increasing Al concentration, and the peak
positions also slightly shift toward right.

3.2. Chemical composition

The chemical compositions of the samples are listed in Table S2.
Single Co-substituted goethites have final Co concentrations almost the
same as the nominal ones. This implies that all Co is incorporated into
the goethite structure. The maximum Co substitution level is
9.9 + 0.3mol%, which is close to that reported (Pozas et al., 2004).
For Al-substituted goethites, when the nominal concentrations are 10
and 20 mol%, only 47-51% of the total Al are inserted into the goethite
structure, and the maximum Al concentration is ~9.4 mol%. The re-
ported maximum Al amount is ~33 mol% in synthetic or natural goe-
thites (Schwertmann and Carlson, 1994). Many factors such as tem-
perature, initial Al concentration, and use of Fe>* or Fe** as precursor
would affect the amount of Al substitution. Generally, goethite with
high Al substitution for Fe could be formed at high pH and high initial
AIP* concentration, relatively low temperature and use of Fe™"
(Cornell and Schwertmann, 2003; Lewis, 1979a, 1979b; Lewis and
Schwertmann, 1980). The use of Fe>* as precursor may be the main
reason that only half of the initial AI>* is incorporated into the goethite
structure.

When the initial concentrations of Al are constant, almost all the Co
is inserted into the goethite structure with the increase of Co content,
while the proportion of Al substitution is gradually decreased. In
samples 10A1GCoM and 20A1GCoM (M = 1, 3 and 5), the contents of Co
in the samples are 0.95-1.20, 3.15-3.32, and 5.38-6.07 mol%, respec-
tively, when the initial Co concentrations are 1, 3, and 5mol%.
However, the final Al concentrations in 20AlGCoM samples
(9.06-9.14mol%) are higher than that in 10AIGCoM samples
(6.46-7.13 mol%), especially when M = 1 and 3. When the initial Co
contents are constant, the incorporation of Al into the goethite structure
is reduced at high Co dopant level. At Co nominal concentration of
5mol%, the final Co contents in NAIGCo5 (N = 4, 10, 12 and 20) are
5.18 + 0.10, 5.38 = 0.05, 5.10 = 0.09, and 6.07 = 0.03 mol%
while the final Al contents are 3.13 * 0.03, 5.74 = 0.05,
8.11 + 1.38, and 6.10 = 0.01 mol%, respectively. The maximum
dopant level for total exotic cations is 13.21 = 1.38 mol% in
12A1GCo5.

3.3. Rietveld structure refinement

Rietveld structure refinements of these samples are conducted based
on a goethite model (JCPDS 81 —0464), and the results are presented in
Figs. 2-4, Tables S2 and S3 and Fig. S2-S5. For the single Co-substituted
goethites, unit-cell parameters a, b and c¢ are generally decreased with
increasing doping level. All three parameters are significantly nega-
tively correlated with final Co concentrations in the samples (Fig. 3a, b,
and c), with a number of independent data points (n) of 10 at a sig-
nificance level (a) of 0.01. Correspondingly, unit-cell volumes (V) of
these goethite samples are greatly reduced (Fig. 3d). These results are
consistent with previous studies (Alvarez et al., 2008; Pozas et al.,
2004). The calculated coherent scattering domain (CSD) sizes are also
generally decreased with the increase of Co content (Fig. S2). The
calculated crystal densities (p) of these single Co-substituted goethite
samples have a significant positive linear relationship with the dopant
level (Fig. 3e; n = 10, a = 0.01). For the single Al-doped goethites, unit
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Fig. 4. Relationships of average edge-sharing Me —Me (Me = Fe, Al, and Co) distances along c axis (E") and along b axis (E), and average corner-sharing Me —Me
(DC) distances with final Co and final Co + Al concentrations for single Co-substituted goethites (a-b) and for Co + Al co-substituted goethites (c-e).

cell parameters, V and p are gradually decreased while CSD sizes are
increased with the increase of Al concentration (Table S2). But only
lattice parameter b and p have significant negative linear relationships
with the Al concentration in the samples at a levels of 0.05 and 0.10,
respectively (Fig. S3).

For the Co + Al co-substituted goethites the relationships of the
lattice parameters, V and p with the final Co, Al, and Co + Al contents
are also analyzed, and the regression giving the largest R? is reported
(Fig. 3f—j). It shows that various structure parameters depend on dif-
ferent factors. Lattice parameter a has the most significant negative
linear relationship with the Co content in the sample (R* = 0.8544,
n =7, a = 0.05), lattice parameter b decreases linearly with the Al
content (R? = 0.6724, n = 7, a = 0.10) while lattice parameter ¢ has
the best negative linear relationship with the total contents of Co + Al
(R? = 0.7801, n =7, a = 0.05). With the increase of total Al + Co
content in the samples V values are linearly reduced (R? = 0.8101,
n =7, a = 0.05). The CSD sizes of these bi-substituted samples are
gradually decreased with the increase of Co content (Fig. S4). The

calculated p has a negative linear relationship with the final Al content
in the sample (R*> = 0.7699, n = 7, a = 0.05).

Rietveld structure refinement can also obtain the average bond
lengths in the goethite structure. Three groups of Fe-Me (Me = Fe, Co,
and Al) distances, e.g. edge-sharing Fe-Me distances E' (along c* axis)
and E (along b* axis) and corner-sharing Fe-Me distance (DC) exists in
goethite structures, besides Me-O distances in the [MeOg] octahedron
unit. Because of the different sizes of the dopants, substitution of Co or
Al for Fe in the goethite structure may lead to changes in these Me-O
and Fe-Me distances. The obtained Me-O distances, E’, E and DC of
these doped goethite samples are listed in Table S3. The average Me-O,
E’, E, and DC distances of pure goethite, Goe, are 2.103 = 0.049,
3.029 = 0.003, 3.262 = 0.059, and 3.488 = 0.006 f\, respectively.
These values are almost the same as those in our previous study (Yin
et al., 2018). Al incorporation generally results in a decrease of the E’
and DC distances but an increase of E (Fig. S5). With the highest Al
concentration of 9.4 mol% in sample 20AlG, the average Me-O distance
decreases t0 2.042 = 0.031 A, and F/, E, and DC are 3.012 + 0.002A4,
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3.308 + 0.005A, and 3.431 + 0.005 A, respectively. For single Co-
substituted goethite, increasing Co concentration results in corre-
sponding increases in Me-O distances to 2.12-2.13A and E to
3.28-3.30 A and decreases of E' and DC to 3.02-3.03 and 3.45-3.48 A
respectively. And both E' and DC have significant negative linear cor-
relations with the Co dopant level (Fig. 4a, b).

For Co + Al co-substituted goethites with initial 10 mol% Al, the
average Me-O, E’, and DC distances decrease to 2.007 = 0.034,
3.012 + 0.003, and 3.449 = 0.004 A, respectively while E increases
to 3.284 + 0.005 ;\, when the initial Co concentration increases to
5 mol%. When the initial Al concent increases to 20 mol%, the average
Me-O, E, and DC distances decrease to 2.023 = 0.028,
3.009 = 0.002, and 3.446 + 0.004 [o\, respectively, while E increases
to 3.290 + 0.004 A, when the initial Co concentration increases to
3 mol%. For the co-substituted samples with initial Co concentrations to
be 1, 3, and 5 mol%, when the initial Al concentration increases from 0
to 20 mol%, Me-O and E distances are firstly decreased with nominal Al
concentration not above 10 mol% and then increased while E’ and DC
are gradually decreased. No obvious relationship between the average
Me-O distances and the final Al, Co, or Al + Co amounts in these
Al + Co co-substituted goethites is observed. E' is found to have a sig-
nificant negative linear correlation with the final Co + Al concentration
(Fig. 4c; R*> = 0.7801, n = 7, a = 0.05). E is observed to have a sig-
nificantly positive correlation with Co + Al amount (Fig. 4d;
R? = 0.8024, n = 7, a = 0.05). DC is decreased in a significant linear
relationship with the increase of the total Co + Al amount (Fig. 4e;
R®=0.8698, n =7, a = 0.05).

3.4. Morphology

Morphologies of pure goethite, Goe, and typical single Al-, or Co-
substituted and Co + Al co-substituted samples are observed by TEM
(Fig. 5). Goe has the typical needle crystals of goethite (Alvarez et al.,
2007; Cornell and Schwertmann, 2003; Kaur et al., 2010; Yin et al.,
2018), and these needle crystals have an average length of
700 = 206nm and average width of 84 * 23nm (Table S5). In-
troducing ~9.4 mol% Al into the goethite structure greatly reduces the

X [ —
Wl & ﬁl; 4

Fig. 5. TEM images of pure goethite, Goe, and typical single Al-, or Co-substituted, and Al + Co co-substituted samples.
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particle sizes in both length and width. 20AlG has the average length
and width of 117 = 24 and 16 = 4 nm, respectively (Table S5), which
are 17 = 6% and 19 * 7% of those of Goe. This suggests that with
increasing A1 substitution the particle size of goethite becomes smaller,
which coincides well with previous studies (Schulze and Schwertmann,
1984; Xu et al., 2019). For the Co-substituted sample, the length and
width of the needle crystals are also decreased. For example, the
average length and width of GCo5 are 429 = 177 and 32 * 7nm
respectively (Table S5). These values are 61 = 31% and 38 * 13% of
those of Goe. The typical Al and Co bi-substituted sample, 4A1GCo5 has
an average length and width of 187 *+ 43, and 24 * 6nm, respec-
tively (Table S5). Compared to GCo5, additional incorporation of
~3.1mol% Al leads to 56 + 21% and 25 * 25% reduction in crystal
width and length, respectively. Pure goethite crystals have an aspect
ratio (width: length) of 0.12 + 0.05. Cobalt substituted goethite,
GCob, has a smaller aspect ratio of 0.07 + 0.03 than that of Goe. These
changes in goethite after Co doping are the same as those observed in a
previous study (Alvarez et al., 2015). Al substitution for Fe slightly
increases the aspect ratio of the needle crystals. 20AlG has an aspect
ratio of 0.14 + 0.04 and 4AIGCo5 has an aspect ratio of 0.13 + 0.04
which is larger than that of GCo5. Conclusively, the coexistence of Co,
Al or Co + Al with Fe** greatly reduces the final goethite particle size.
This may be associated with the retardation effects of these exotic ca-
tions on the nucleation, crystallization and crystal growth of the in-
itially formed ferrihydrite and subsequently transformation of ferrihy-
drite to goethite (Cornell and Schwertmann, 2003; Huynh et al., 2003;
Lu et al., 2019b). The coexistence of ferrihydrite with goethite crystals
in samples with high total amount of Co + Al (e.g. 20A1GCo5; session
4.2) further confirms the suppression of exotic cations on the trans-
formation of ferrihydrite into goethite.

3.5. Co 2p XPS spectra
Narrow scans of Co 2p XPS spectra of typical single Co- and Co + Al
co-substituted goethite samples are plotted in Fig. 6. The binding en-

ergies (BEs) of Co 2ps3,, for GCo2, GCo5, GCo9, 20AlGCo5 and 4A1GCo5
range from 780.1-780.6 eV while the BEs of Co 2p;,, range from

20AIG



H. Yin, et al.

Co 2p,,
Co2p,, l 780.6
l 796.1 4AIGCo5
780.6
796.4 780.6. \ 20AIGCo5

796.2
780.5 \ GCo9

Intensity (a. u.)

796.1

T T T T T T T
810 805 800 795 790 785 780 775 770
Binding Energy (eV)

Fig. 6. Co 2p XPS spectra of typical Co-, and Co + Al co-doped goethite sam-
ples. Arrows indicate the satellite peaks arose from the presence of some Co®*
on the mineral surfaces.

795.9-796.4 eV, respectively. These values are higher than those of
CoOOH, but lower than those of Co(OH), (Table 1) (Biesinger et al.,
2011; Crowther et al., 1983). Further, the splittings of Co 2ps3,, and Co
2p1,2 (ABE) of these samples vary from 15.5 to 15.8 eV, which are
larger than ABE for CoOOH (15 = 0.1eV) and closer to that for Co
(OH), (15.9 * 0.1eV) (Crowther et al., 1983). These results suggest
that both Co(II) and Co(III) coexist in these samples, which can be also
confirmed by the appearance of satellite peaks (indicated by arrows in
Fig. 6) (Biesinger et al., 2011; Crowther et al., 1983). This is different
from previous studies that Co existed as singly Co(II) (Pozas et al.,
2004) or Co(Ill) in Co-substituted goethites (Alvarez et al., 2008;
Alvarez et al., 2015; Gasser et al., 1996; Gerth, 1990; Pozas et al., 2002;
Pozas et al., 2004). It was reported that when Co(II) was co-precipitated
with Fe(II) at pH ~9, the Co existed in a valence of +2 while Co(III)
incorporated into the goethite structure when Fe(II) and Co(II) solu-
tions were co-precipitated at pH 12.5 (Pozas et al., 2004).

For single Co-substituted goethites, ABE decreases slightly from
15.8 eV for GCo2 to 15.6 eV for GCo9, which suggests more proportion
of Co(II) in GCo2 than samples with higher Co content. At an initial Co
content of 5mol%, ABE slightly increases from 15.6 eV for GCo5 to
15.8 eV for 20AlGCo5. This may also suggest that Co + Al co-sub-
stituted samples with high Al contents may contain relatively higher
proportions of Co(II) than samples contain no or low contents of Al.

3.6. X-ray absorption fine structure (XAFS) spectroscopy

3.6.1. Co K-edge XANES

Cobalt K-edge XANES spectra of typical Co-, and Co + Al co-doped
goethite samples are presented in Fig. 7. As Co 2p XPS analysis indicates
that Co in the samples exists as a mixture of Co(II) and Co(III), XANES
spectra of reference materials CoOOH (Yin et al., 2013) and

Table 1
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Fig. 7. Co K-edge XANES spectra of typical Co-, and Co + Al co-doped goethite
samples, overlaid with the best linear combination fit using COOOH and CoSO,
as standards (Blue circles are experimental data, red lines are the best fit, and
light gray lines are the difference patterns). (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this
article.)

CoSO47H,0 are used to analyze the relative proportions of various Co
species in these goethites over an interval of 7703-7753 eV. The results
are depicted in Fig. 6 and Table 1. It shows that GCo2 has 45 + 2%
Co®* and 55 * 2% Co®* while GCo5 has 8 + 2% Co®* and 92 * 2%
Co>*. That is, the proportion of Co®" in single Co-substituted goethites
greatly increases with increasing the Co content. For Co + Al co-sub-
stituted goethites the proportion of Co>* decreases with the increase of
Al incorporation. The proportion of Co®* decreases from 90 * 2% of
4AlGCo5 to 79 * 1% of 20AlGCo5. These results are consistent with
the results of Co 2p XPS analysis.

3.6.2. Fe K-edge EXAFS spectra

The Fe K-edge EXAFS spectra and corresponding Fourier trans-
formed spectra (FTs) of typical single Al-, or Co-substituted, and
Co + Al co-substituted goethite samples are illustrated in Fig. 8. These
spectra are similar in amplitude, shape, and frequency, indicating that
they essentially have similar local structure around Fe atoms. In the FTs
there are mainly two peaks located at R + AR of ~1.5 and ~2.7 A. The
first peak corresponds to the Fe—O distance in [FeOg] unit. The second
peak, which is broad and has a shoulder at ~3.1 A are convoluted by
three Fe—Fe pairs, edge-sharing Fe-Me distances E' (along c* axis) and E
(along b* axis) and corner-sharing Fe-Me distance (DC) existing in
goethite structure (Manceau and Combes, 1988). Fitting of the Fe K-
edge EXAFS spectra using several single scattering paths are conducted
and the results are listed in Fig. 8 and Table 2.

It demonstrates that Goe has an average Fe—O distance, E’, E and DC
of 2.003 = 0.024, 3.011 = 0.023, 3.220 = 0.116, and
3.440 + 0.036 A4, respectively. These values match well with those

Binding energy values (BEs) for Co 2p XPS spectra and linear combination analysis results of Co K-edge XANES spectra of typical single Co- and Co + Al co-

substituted goethites.

Sample Co (2p1,2) (eV) Co (2ps/2) (eV) ABE" (eV) Co(ID) Co(IIN) R-factor Reduced >
GCo2 796.1 780.3 15.8 0.45(2) 0.55(2) 0.0084 0.0021
GCo5 796.1 780.5 15.6 0.08(2) 0.92(2) 0.0105 0.0029
GCo9 796.2 780.6 15.6 - - - -

4A1GCo5 796.1 780.6 15.5 0.10(2) 0.90(2) 0.0078 0.0020
20A1GCo5 796.4 780.6 15.8 0.21(1) 0.79(1) 0.0050 0.0012
CoOOH" 780.20 15.1 - - - -

Co(OH)," 781.00 15.9 - - - -

@ Data were from Crowther et al. (1983).
> ABE refers to the energy splittings of BEs of Co 2p; » and Co 2ps,».
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Fig. 8. Fe K-edge EXAFS spectra (A) and corresponding
Fourier transformed (FTs) spectra (B) of single Co-, or Al-
substituted, and Co + Al co-doped goethite samples (the blue
circles are data and the red dash lines are the best fit).

Goe, (b) GCo2, (¢) GCo5, (d) 10AlG, (e) 20AIG, (f) 4A1GCo5,
and (g) 20AIGCol. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web
version of this article.)

R+ AR (A)

obtained by XRD Rietveld structure refinement. For single Al-sub-
stituted goethites, these Fe—O distance, E’, E, and DC are slightly de-
creased to 1.987 = 0.024, 3.001 = 0.025, 3.208 + 0.112, and
3.394 + 0.034 A for 20AlG. For single Co-substituted goethites, these
distances are 2.001 * 0.027, 3.007 = 0.025, 3.211 * 0.097, and
3.399 + 0.034 A for GCo5. The obtained Fe—O, E’, E, and DC values
for 20A1GCol are almost the same as those of 20A1G. These values are
also the same for GCo5 and 4A1GCo5.

3.7. Dissolving behaviors

The dissolution curves for representative samples, GCo3, 20AlG,
and 20AlGCo3, are displayed in Fig. 9. These samples undergo different
dissolution behaviors. The release of Fe during the equilibrating of
these minerals with 2M HCI solution at 298 K is monitored (Fig. 9a).
For the single Co-substituted sample, the release rate of Fe into solution
is gradually increased before ~25 h, and then is gradually decreased till
the end. After reaction for 132-156 h, the mineral is completely dis-
solved. The .-t curve of the single Al-substituted goethite is much
flatter than that of GCo3, indicating a much slower dissolution rate of
20AIG. After reaction for 432-504 h, all Fe in 20AIG is released into the
solution. This suggests that Co promotes while Al retards the goethite
dissolution. It is consistent with previous reports (Alvarez et al., 2008;
Schwertmann, 1991). The difference in mineral dissolubility is ascribed
to the much higher bond dissociation energy (BDE) of Al-O
(502 + 11kJmol™ 1Y) than that of Fe—0O (407 + 1kJmol™ 1) and the
slightly lower BDE of Co—O (397 + 9kJmol™') than that of Fe—O
(Lide and “Mickey” Haynes, 2010). However, the goethite dissolution in
HCI solution is a much complex process, involving protonation, com-
plexation, and reduction induced dissolutions by Cl~ (Cornell and
Schwertmann, 2003). It can be affected by many other factors such as
crystal sizes, coexisted cations, H* concentration and so on. Small
particles are easier to be dissolved than big ones (Alvarez et al., 2007;
Cornell and Schwertmann, 2003). Though 20A1GCo3 and 20AIG have
almost the same contents of Al (~9.1 vs. ~9.4 mol%), additional

insertion of ~3.3 mol% Co into the goethite structure greatly modifies
the mineral dissolving behavior. The .-t curve of 20A1GCo3 resembles
more to that of GCo3 but with a slightly slower dissolution rate. The
complete dissolution of 20A1GCo3 takes ~216h. But during the first
min, ~17% of total Fe is released into the solution. After reaction for
5min, ~21% of total Fe is released, compared to ~1-2% in GCo3 and
~6% in 20AIG. This suggests that there is a small portion of poorly
crystalline minerals, e.g. ferrihydrite, and/or small goethite particles in
20AlGCo3 (Liu et al., 2019b).

The corresponding Co or Al dissolving curves of these samples have
similar shapes as the .-t curves (Fig. 9b). Release of Co from GCo3 is
much fast while the release of Al from 20AlG is much slower. The re-
lease curves of Co and Al from 20AlGCo3 are close to that of Co in
GCo3. After reaction for 5min, ~16% of total Co is released into the
solution, which is much larger than that from GCo3 (~3%). These
portions of Co in 20A1GCo3 may be associated with ferrihydrite and
finite goethite particles.

The Ype-t, Xco-t, and yai-t curves are then fitted using the Kabai
equation, g = 1 —exp(— (kt)?), in which k is related to the dissolution
rate and a is related to the characteristics of the mineral structure
(Fig. 9a and b) (Kabai, 1973; Kaur et al., 2010). All curves are sa-
tisfactorily fitted except ype-t and xco-t curves for 20A1GCo3, and the
fitting results are depicted in Fig. 9a, b and Table 3. The obtained
parameters are similar to previously reported values (Alvarez et al.,
2007). Parameters o for GCo3 and 20AIG are similar, indicating the
same basic structure of the matrix. But that for 20A1GCo3 is a bit
smaller than that for GCo3 and 20AIG. This further confirms that the Fe
atomic environments in 20A1GCo3 may be a little different from the
other two. Parameters k for ¥ge-t and c,-t of GCo3 are almost the
same, so are Ype-t and a;-t of 20AlG. But parameter k for .-t of GCo3
is ~3.8 times that of p.-t of 20AlG. The Co dissolution rate from
20AIGCo3 is only a little smaller than that from GCo3.

The Yco-Xre and xa-Xre curves of these samples are depicted in
Fig. 9¢, in company with a unit line through the origin. These ¥ co-Xre
and ai-Xpe curves are almost overlapped with the unit line. This

Table 2
The structure parameters used to fit Fe K-edge EXAFS spectra of typical Al-, Co- and Co + Al co-substituted goethite samples.
Atomic pairs Goe 10AIG 20A1G GCo2 GCo5 20AlGCol 4A1GCo5
Fe-O1 R (A) 1.931(30) 1.932(31) 1.918(31) 1.927(32) 1.931(33) 1.924(29) 1.931(30)
o* (A% 0.0038(23) 0.0042(25) 0.0049(24) 0.0041(25) 0.0045(26) 0.0047(24) 0.0041(24)
Fe-O1 R (A) 2.075(38) 2.071(40) 2.055(36) 2.067(36) 2.071(42) 2.060(38) 2.073(41)
o (A% 0.0046(32) 0.0054(35) 0.0053(32) 0.0043(32) 0.0054(37) 0.0059(34) 0.0054(36)
E' R (A) 3.011(23) 3.011(24) 3.001(25) 3.007(23) 3.007(25) 3.003(25) 3.008(24)
o* (A% 0.0038(26) 0.0051(30) 0.0062(32) 0.0037(24) 0.0045(29) 0.0062(30) 0.0047(27)
E R (A) 3.220(116) 3.225(108) 3.208(112) 3.217(82) 3.211(97) 3.206(114) 3.220(91)
o? (;\2) 0.0139(244) 0.0131(209) 0.0151(232) 0.0092(114) 0.0116(167) 0.0157(224) 0.0107(142)
DC R (A) 3.400(36) 3.403(35) 3.394(34) 3.404(32) 3.399(34) 3.402(32) 3.404(34)
o (A% 0.0085(49) 0.0088(48) 0.0099(47) 0.0074(36) 0.0081(42) 0.0100(44) 0.0082(42)
EO0(eV) —-5(4) -5(4) -6(4) -5(4) -5(4) -5(4) -5(4)
Chi Square 5963 6598 3626 6669 9269 6552 11,893
R-factor 0.0196 0.0200 0.0181 0.0199 0.0210 0.0172 0.0211




H. Yin, et al.

= GCo3
20AIG
e 20AIGCo3

T T T T T T T T T T
0 50 100 150 200 250 300 350 400 450 500
Time (h)
(b)1.0- " 00 ® N
0.94
0.84
0.74
_ 0.6
N
S 0-5-
6
?§ 0.44
0.39e = GCo3
0.24 o 20AIG
61 * 20AIGCo3
il o 20AIGCo3
' 0 50 100 150 200 250 300 350 400 450 500
Time (h)
(c) 1.0
0.9 <
0.84 o 75"
| |
0.7 4 °
]
= 0.6 e 2 °
5 0.54 A J
.3 0.4 A
8
0= A = GCo3
0.2 o o & 20AIG
01 22 806° e 20AIGCo3
; o 20AIGCo3

0.0 T T T T T T T T T T
00 01 02 0.3 04 05 06 07 08 09 1.0
xFe

Fig. 9. Dissolution curves of typical samples in 2 M HCI solution at 298 K ex-
pressed as %Fe dissolved (yr.) (a) and %Co or %Al dissolved (¥ co Or Y1) with
time (b) and the corresponding xco-Xre OF Xal-)Xre Curves (c). Red solid curves in
panels (a) and (b) are the best fit of the whole dissolution curve with Kabai
equation, Yrecco, an = 1-exp(—(kt)®), in which k and a are constants re-
presenting the dissolution rate constant and the characteristics of the mineral
structure (Kabai, 1973). In panels (b) and (c), solid symbols refer to Co while
open symbols refer to Al. In panel (c), the red solid line is the 1:1 line. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

suggests that Co or Al in these samples are probably evenly distributed
in the goethite matrix by substitution for lattice Fe (Alvarez et al., 2006,
2007).

3.8. DFT calculations

In the constructed supercell, one Fe atom is replaced by an Al or Co
atom, thus the Al or Co substitution level is 3.13 mol%. The lattice
parameters (a, b and c) of Al-substituted goethite supercell (AlG) are

10
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calculated to be as follows: a=9.9860A, b=12.1037A, and
¢ = 9.2264 A while those for Co-substituted goethite supercell (GCo)
are 9.9882 A, b = 12.0997 A, and ¢ = 9.2192 A correspondingly. These
values are smaller than those of pure goethite supercell, indicating the
contraction of cell dimensions after substitution of lattice Fe by Al or
Co. This is also consistent with the results obtained by Rietveld struc-
ture refinement (Fig. 3, Fig. S3, and Table S2). The bond lengths
(<4 10\) of selected Fe—O and Fe-Me (Me = Fe, Al and Co) pairs of pure,
Al- and Co-substituted goethite supercells obtained from DFT geometry
optimization are listed in Table S4. The average Fe—O distances in
[FeOg] octahedra in supercells Goe’, GCo and AIG are
2.0395 + 0.0795, 2.0384 + 0.0764 and 2.0384 = 0.0767 A respec-
tively. The average Fe-Me E’ distances are 3.0290, 3.0250 + 0.0059
and 3.0260 = 0.0062 A for Goe’, GCo and AlG respectively, the cor-
responding E distances are 3.3255 * 0.0011, 3.3250 * 0.0141 and
3.3262 = 0.0142 10\, and DC distances 3.4630 = 0.0010,
3.4620 + 0.0019 and 3.4623 + 0.0027 A respectively. These results
agree well with those obtained by powder XRD Rietveld structure re-
finement and Fe K-edge EXAFS fitting.

The geometry optimized energy of constructed supercell Fe3;0¢4H35
in goethite is —797.646 eV. With one Fe atom in this supercell being
replaced by one Al or Co atom, the supercell Fe3;AlOg4H3o (AlG) or
Fe31C0064H3, (GCo) was constructed, and the corresponding geometry
optimized energy is —798.558 or —796.492 eV, respectively. Then the
substitution energy (AEpe for re) iS calculated according to the following
equation:

AEpe for re = E(FesMeOgyHs;) + E(Fe) — E(Fes064Hs;y) — E(Me) (€]

in which Me refers to Al or Co atom in the present study.

The calculated AEa; for re and AEc, for e are —1.361 and 0.812 eV,
suggesting that Al substitution for lattice Fe in goethite supercell is
much more favorable than Co. However it should be noteworthy that all
these calculations are conducted on Al or Co atoms, taking no con-
sideration of cation size and charge.

4. Discussion
4.1. Oxidation state of Co in Co-containing goethites

Both Co 2p XPS analysis and linear combination analysis of Co K-
edge XANES spectra show that Co exists as a mixture of Co®>* and Co®*
in these single Co- and Al + Co co-substituted goethite samples (Figs. 6,
7, and Table 1). For single Co-substituted goethites, the proportions of
Co®* in the mineral are gradually increased with the increase of the
total amount of Co. For example, ~half of Co in GCo2 exists as Co>™"
(Table 1). This coincides well with the changes of lattice parameters of
single Co-substituted goethites with low Co contents (Fig. 3a-d and
Table S2). The lattice parameters a, b, c and cell volume, V, of GCol and
GCo2 are slightly larger than those of Goe. This is mainly caused by the
relative larger coordination radius (CR) of Co(II) in octahedron
(0.885 A) than that of Co(II) (0.75 A) and Fe(IlI) (0.785 A) (Shannon,
1976). The increase of the proportion of smaller Co(III) substitution for
Fe(IIl) linearly decreases the lattice parameters of single Co-substituted
goethites. However, it was reported that Co existed as only Co(III) in
single Co-substituted goethites (Alvarez et al., 2008; Pozas et al., 2004)
and Co + Al and Mn + Co co-substituted goethites (Alvarez et al.,
2015) synthesized using high concentration of NaOH solution or only
Co(I) in single Co-substituted goethites synthesized using Na;CO3 so-
lution (Pozas et al., 2004). The coexistence of Co(II) and Co(III) in our
single Co-substituted goethites may be ascribed to the high pH but low
aging temperature used during goethite synthesis. In these conditions,
the precursor of goethite is ferrihydrite, which is a semiconductor mi-
neral. Only when the electric potential energy in solution is higher than
the conduction band energy of ferrihydrite, an electron can transfer to
the ferrihydrite conduction band (CB) to oxidize Co2* (Chernyshova,
2001a, 2001b, 2003; Chernyshova et al., 2011; Sander et al., 2015).
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Table 3
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Fitting parameters of the ge-t and ycq-t curves of typical single Co-, Al-, and Co + Al co-substituted goethites in 2 M HCl solution at 25 °C using Kabai equation, (re

or Xca = 1-exp(—(kt)*) (Kabai, 1973).

Xret Xcot OF Xart

k error a error R? k error a error R?
GCo3 0.0165 0.0004 1.4337 0.0631 0.9953 0.0151 0.0004 1.4347 0.0854 0.9901
20A1G 0.0044 0.0004 1.3818 0.1287 0.9648 0.0047 0.0002 1.2144 0.1167 0.9617
20A1GCo3" - - - - - 0.0132 0.0010 0.9516 0.1067 0.6451

@ Kabai fitting of the yg.-t and xco-t curves for 20A1GCo3 are not successful.

However, the electric potential energy is related to the concentrations
of redox cations (Boland et al., 2013), and only if the concentration of
Co?* is high enough that the electric potentional energy can drive
electron transfer to the ferrihydrite CB to oxidize Co®*. This is similar
to the mechanisms involved in Mn2* oxidation on iron oxides (Lan
et al., 2017).

For Co + Al co-substituted goethites, the proportion of Co?™ is in-
creased with the increment of the coexisting AI*>* content (Fig. 7 and
Table 1). From Co5 to 20A1GCo5, the Co®* proportion increases from
8 + 2% to 21 * 1%. This may be related to the specific properties of
AI**. Owing to its small ionic radius (Shannon, 1976), AI** has much
larger ionic potential (119.992eV) than that of Co?* (33.50€eV) and
Fe** (54.8 eV) (Lide and “Mickey” Haynes, 2010). Consequently, AI®*
can retain OH™ more strongly than Co?* and Fe®**. This may cause a
reduction in local alkalinity around Co®*, which is unfavorable for
Co?™ oxidation (Marti, 2002; Pozas et al., 2004).

4.2. Fe local environments in samples with high Co + Al substitution

Powder XRD patterns, Fe K-edge EXAFS analysis, and acid dissolu-
tion behaviors of all single Co- or Al-substituted goethites and Co + Al
co-substituted samples with relatively low total contents of Co + Al
confirm that they are pure goethite phase. However, Co + Al co-sub-
stituted samples with high total contents of Al + Co may contain a
small amount of other poorly crystalline phases, such as ferrihydrite.
Dissolution behaviors of 20A1GCo3, e.g. Yre-t and co-t curves, differ
from those of GCo3 and 20AIG, the gt and ot Or Ya-t curves of
which can be fitted by Kabai equation successfully (Fig. 9). This may
suggest that 20A1GCo3 may contain a small portion of ferrihydrite and/
or small goethite particles (Liu et al., 2019b). It is thus expected that
samples containing high total amounts of Co + Al synthesized in the
present study may contain a portion of ferrihydrite. In the following,
the Fe local environments in sample 20AlGCo5 are carefully in-
vestigated.

The powder XRD pattern of 20AlGCo5 is compared with that of 2-

line ferrihydrite, 2LFh_1 (Wang et al., 2016) (Fig. 10A). There are two
broad humps centered at ~35° and ~63° 20 underneath the weak
(130), (021) and (111) reflections, and (151) and (002) reflections of
goethite, respectively. These two humps coincide well with the XRD
pattern of 2LFh_1. This suggests that 20A1GCo5 is composed of goethite
and 2-line ferrihydrite. This is further confirmed by Fe K-edge EXAFS
analysis.

The Fe K-edge EXAFS spectra of single Al-, Co-, and Co + Al co-
substituted goethites are compared with those of 2-line ferrihydrite,
2LFh_1 (Wang et al., 2016) (Fig. 10B and Fig. S6). The oscillations in
the (k) of Goe has characteristics of pure goethite (Li et al., 2016;
Waychunas et al., 2005). However, the spectrum of 2-line ferrihydrite
has oscillations with greatly reduced magnitudes and is slightly left-
shifted. Furthermore, the spectrum of the 2-line ferrihydrite can be
distinguished from that of goethite by the two peaks located at
~5.2A7" and ~10.5A"" for ferrihydrite which are located at
~5.5A"" and ~10.9A7" for goethite (Fig. 10B and Fig. S6) (Li et al.,
2016; Wang et al., 2016; Waychunas et al., 2005). The spectra of GCo2,
GCob5, 10AIG, 20AlG, 4A1GCo5, and 20AIGCol are almost overlapped
with that of Goe. In contrast, the spectrum of 20A1GCo5 resembles that
of 2LFh_1 more than that of Goe (Fig. S6). This indicates that 20A1GCo5
contains a relatively large proportion of 2-line ferrihydrite.

In order to quantitatively analyze the proportion of 2-line ferrihy-
drite in these samples, linear combination fitting analysis (LCF) of Fe K-
edge EXAFS spectra of these samples are conducted using Goe as pure
goethite standard and 2LFh_1 as 2-line ferrihydrite standard. The fitting
results are given in Fig. 10B and Table S6. It demonstrates that GCo2,
GCo5, 10AIG, 20AIG, 4AlGCo5, and 20AlGCol have 10 = 1%,
13 = 1%, 16 = 1%, 32 = 1%, 18 = 1% and 35 * 1% 2-line ferri-
hydrite respectively. However, by taking consideration into the simi-
larity of the Fe K-edge EXAFS spectra of these samples and the results of
dissolution experiments, it is deduced that the error in 2-line ferrihy-
drite proportion determined by the LCF analysis here is ~35%. Thus,
the proportion of 2-line ferrihydrite in 20A1GCo5 should be ~41%. This
suggests that high total contents of Co and Al co-substitution would

20AIGCo5

(A) (B)
~0.25 nm
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i ~0.15 nm
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Fig. 10. (A) Powder XRD patterns of 20A1GCo5, in
company with a pattern of 2-line ferrihydrite, 2LFh_1
from (Wang et al., 2016) to show that in the spectra
of 20AIGCo5 the “humps” located at ~35° and ~63°
probably correspond to the contribution from 2-line
ferrihydrite phase. (B) Fe K-edge EXAFS spectra of
these single Co-, Al-substituted and Co + Al co-sub-
stituted goethite samples, and a 2 line ferrihydrite
sample, 2LFh_1 (Wang et al., 2016), overlapped with
the best linear combination fittings of these Fe K-
edge EXAFS spectra using Goe as goethite standard
and 2LFh_1 as ferrihydrite standard (the blue circles

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
2 theta (degree, Cu Ka)
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are experimental data and the red lines are the best
linear combination fittings).

(a) Goe, (b) GCo2, (c¢) GCo5, (d) 10AIG, (e) 20AIG,
() 4AlGCo5, (g) 20AIGCol, (h) 20AlGCo5 and (i)
2LFh_ 1. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 11. The relationships of Co or Al incorporation ratio into Co + Al co-
substituted goethites with (a) the increase of initial Co contents in 10AlIGCoM
and 20AIGCoM (M = 1, 3 and 5) and (b) the increase of initial Al contents in
NAIGCol, NAIGCo3 and NAIGCo5 (N = 0, 4, 10, 12 and 20) (H for Al and A
for Co). (¢) The relationship of final molar ratios of Al to Co in these Co + Al co-
doped goethites (blue solid squares) with the initial molar ratios of Al to Co, and
compared with those of Alvarez et al. (2015) (red blank squares). The red lines
are the linear regression analysis of the data. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

hinder the transformation of ferrihydrite into goethite.

4.3. Preference of Co over Al for substituting lattice Fe in goethite structure

Element analysis of Co and Al co-substituted goethites demonstrates
that almost Co in the initial solutions are incorporated into the goethite
structure while only a portion of the initial Al is inserted into the mi-
neral. When the initial Al concentration is 10mol%, 51 * 1%,
65 * 1%, 71 * 2% and 57 * 1% of the initial Al are incorporated
into the mineral structure, while with the increase of Co from 0 to
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nominal 5 mol%. When initial Al concentration is 20 mol%, 47 + 0%,
46 + 1%, 45 + 4%, and 31 = 1% of the initial Al are retained in the
mineral at the similar initial Co dopant level (Fig. 11a). At both Al
dopant levels, the increase of coexisting Co content reduces the pro-
portions of Al incorporated into the goethite structure. The incorpora-
tion of Al is further compared when the nominal Co content is kept
constant at 1, 3, and 5mol% (Fig. 11b). The proportion of Al in-
corporated decreases from 65 = 1% in 10AlGCol to 46 * 1% in
20AlGCol while that decreases from 71 * 2% in 10AIGCo3 to
45 * 4% in 20AlGCo3. At an initial Co concentration of 5 mol%, only
78 + 1%, 57 + 1%, 68 = 12% and 31 * 0.1% of the initial 4, 10,
12, and 20 mol% Al are incorporated into the minerals, respectively.

The final Al to Co molar ratios in these Co + Al co-substituted
samples are plotted against the initial Al to Co molar ratios in the
synthesis solutions, as shown in Fig. 11c. Linear regression analysis of
these data gives a significant relationship (R%2=0.8502, n =8,
a = 0.01) with a slope of only ~0.4. This value is almost the same as
that observed in Cd + Al co-substituted goethites in our previous study
(Yin et al., 2018). These results imply that the coexistence of Co sup-
presses the incorporation of Al into the goethite structure but Al has
almost no effect on Co substitution for Fe. However, a previous study of
Co and Al co-doped gothite samples did not detect any synergetic or
antagonistic effects between Co and Al (Alvarez et al., 2015). The final
Al to Co ratios and the initial Al to Co ratios in the previous study are
also plotted in Fig. 9c. It also gives a good linear relationship
(R2=0.9967, n =3, a = 0.10) and a slope of ~1. The fact that pre-
dominance of Co over Al is observed in our study but not in the pre-
vious study may be related to the different synthesis protocols, espe-
cially the temperature and the concentration of OH ™, e.g. 25°C and
0.75 mol-L. ! in present study in contrast to 60 °C and 0.3 mol'L. ™ ! in the
previous study (Alvarez et al., 2015).

The clear preference of Mn over Al or Cd over Al incorporation into
the goethites was observed previously (Alvarez et al., 2007; Yin et al.,
2018). It was concluded that coprecipitation reactions of cations with
host minerals are affected by various physicochemical factors, such as
pH, ionic strength, concentrations of substitution and host cations, ca-
tion complexation, temperature, and mineral precipitation rate (Curti,
1999; Wang and Xu, 2001). In the present study and our previous study
(Yin et al., 2018), all these physicochemical factors are controlled and
thus the focus is put on the properties of the dopant and host cations.
The possible reasons for the Cd over Al incorporation into goethite
structure were discussed in our previous paper in detail by symme-
trically comparing the ionic radius, charge, bond dissociation energy
(BDE), lattice energy, and the standard Gibbs free energy of formation
(AGgaq)) (Yin et al., 2018).

As Co is next to Fe in the periodic table, many physicochemical
properties of the two are similar. They have the same charge and the
radius of high-spin (HS) state Co(III) (0.61 [o\) is close to that of HS Fe
(III) (Cornell and Schwertmann, 2003; Shannon, 1976). Both Co(III)
and Fe(III) have almost the same BDE (397 + 9kJmol ™! vs 407 = 1
KJmol ') (Lide and “Mickey” Haynes, 2010) and electronegativity
(Xco>t = 1.7614, yp.>T =1.7053) (Portier et al., 1994; Shannon,
1976). All these similarities favor the incorporation of Co into the
goethite structure. The BDE of Co—O is lower than that of Al-O
(502 *+ 11kJmol~?) implies a higher solubility of Co in ferrihydrite
than Al in ferrihydrite and thus a larger incorporation rate of Co into
goethite structure than Al. Co®* is also more insoluble than AI** at
high pH conditions, it is easier for CoO,(OH)e_x unit to link with
FeO4(OH)g_x than for AlO,(OH)g_x unit. However, our DFT calcula-
tions show a negative substitution energy of Al for Fe while a positive
substitution energy of Co for Fe, implying the more favorable in-
corporation of Al atom into goethite supercell than Co atom. The ob-
tained substitution energies, AE4; for re and AEc, for re are —131 and
78 kJ-mol ~! respectively. The substitution energy defined here is si-
milar to the lattice energy difference (LED) (Dawson et al., 1985). For
one mole atomic replacement, LED between Al and Fe was estimated to
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be —180kJmol ™! while that between Co and Fe was —55kJ-mol !
(Yin et al., 2018). Though both energies of Al substitution for Fe are
similar, those for Co substitution for Fe differ much. This is probably
ascribed to the consideration of charge and radius in the lattice energy
calculation (Dawson et al., 1985). Thus both the physical (e.g. size and
charge) and chemical (e.g. bonding ability, and chemical potential)
properties of these cations should be considered.

A practical method to interpret the preference of one cation over the
other was developed by (Wang and Xu, 2001) by correlating metal
partition coefficients (Ky) with metal cation properties: AGgaq), the
standard non-solvation energy (AG,(aq)), and the ionic radius, based on
the linear free energy correlation established by (Sverjensky and
Molling, 1992). The constants in this model can be determined by re-
gression analysis of the data as long as Ky values of no less than three
metals are available. Unfortunately, there is no such K4 value available
for metal cations in goethite. Here thermodynamic partition coefficient
is used as follows:

(2)

In which Ks,(a-FeOOH) and K,,(MeOOH) are the thermodynamic
solubility products of goethite and MeOOH (Curti, 1999). However not
all the K, for M3* are available, so only those for a-FeOOH, a-AlOOH,
a-MnOOH, and CoOOH are used (Table 4), and then the corresponding
thermodynamic K4 values of AI**, Mn®*, or Co®* incorporated in
goethite structure are calculated and listed in Table 4.

Based on these thermodynamic Ky values, the linear free energy
correlation model (Wang and Xu, 2001) was used to calculate K, values
of common trivalent cations in the goethite structure. The linear free
energy relationship for crystalline solids and aqueous ions developed by
Sverjensky and Molling (1992) correlates the standard Gibbs free en-
ergies of formation (AGgux) of minerals of an isostructural family (MX)
with the ionic radius (ry?") and the standard non-solvation energy
(AG,M™) of cation MZ* as.

K4 = Kyp(a—FeOOH)/K, (MeOOH)

AGgux = apx*AGym*t + By tM“t + bux

3)

where ayx*, Bux’, and byx are characteristic constants of the iso-
structural family.

The (AGH,M“) is the difference between the standard Gibbs free
energy of formation (AGgy” ") and solvation (AGsy”*) of cation M%*:

AGp Mt = AGpm*t — AGy %t ()]

in which AG,,\“" is related to conventional Born solvation coefficient
(wnm>™") (Shock and Helgeson, 1988).

Table 4
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AGs Mm% = wy?* (1/e — 1) (5)

In this equation, ¢ is the dielectric constant (78.47) of water at
298K, and wy“" is related to the charge (Z) and radius (ry**) of M*™*
(Sverjensky and Molling, 1992):

wpm?t = 166.027Z2/(1y?* + 0.94Z)-53.87Z (6)

According to Egs. (3)-(6), wp>*, AGs %™, and AG, " are calcu-
lated and listed in Table 4. Then these values are correlated to K4 values
using.

AGf‘MZ+ - 2303RTlOng = AmHX AGH‘MZ+ + 6MHXrMZ+ + bMHX (2]

The coefficients aymx, Bumx, and bymx are constants and can be
obtained by regression analysis. In the first step, the parameters of
Fe3*, AI**, Co®*, Bi®", and Mn®* were used for the regression ana-
lysis. However, the predicted (pred.) and experimental (exp.) kg para-
meters for Mn>* differ much. In further regression analysis, Mn®* was
ruled out. The regression gives aymx = 0.78 £ 0.03,
Bunx = 243 + 10kecalmol “A~" and byux = —365 * 9kcalmol ~?
respectively (R* = 0.9994). The predicted Ky parameters are close to
those of experiments, except that for Mn®* (Table 4). This may be re-
lated to the accuracy of the measurement of the K, value.

According to the predicted Kq values, the K4 of Co®* is positive
while all the other trivalent cations have negative Ky values. This
clearly indicates that Co would be incorporated into goethite structure
over Al when they coexist. The K4 for Mn®" is also larger than that of
AIP*, which can explain the observed dominant effect of Mn over Al
during incorporation into goethite (Alvarez et al., 2007). However, it
should be noted that for metal incorporation into goethite, the Ky4
should be zero. But the predicted K4 value for a-FeOOH is not zero. This
may be ascribed to many factors, including the accuracy in the mea-
surement of K,p, and the determined K4 and so on. More work is needed
to accurately measure K4 values for metal incorporation into the goe-
thite structure in the future.

5. Conclusions and environmental implications

A series of single Co-, Al-, and Co + Al co-substituted goethite
samples were synthesized at room temperature. All the obtained sam-
ples were almost pure goethite, except that with the highest total
content of Co + Al Both Al and Co incorporation reduced the goethite
crystallinity and the particle length and width. In single Co-substituted
samples, Co existed as a mixture of Co®>* and Co®* and the proportion

The ionic radius, maximum level (ML) of incorporation (Me x 100/(Me + Fe)) in single substituted goethites, conventional Born solvation coefficient (wp° 1), the
standard Gibbs free energy of formation (AGay®*(aq)), the standard Gibbs free energy of solvation (AGg>*(aq)) and the standard non-solvation energy
(AGum® " (aq)), thermodynamic solubility products of MOOH (Ksp), and calculated (exp.) and predicted (pred.) partition coefficients (Kq) for several trivalent cations

in goethite structure.

M et (A)? ML (mol.%)" o AGa®* (aq) NG (aq) AGuv®* (aq) (keal/mol) logKsp,© logka
(kcal/mol) (kcal/mol) (kcal/mol)
Exp. Pred.

Fe 0.65 100 269.01 —265.58 —-4.12 261.46 —42.97 0 —-1.86
Al 0.535 33 283.77 —280.15 —115.87 164.29 —35.09 —7.88 —7.45
Ga 0.62 40 272.76 —269.29 —38.00 231.29 - - —-4.01
La 1.14 - 215.72 —-212.97 —164.00 48.97 - - —84.29
Ce 1.07 - 222.51 —219.68 —161.60 58.08 - - —75.29
Cr 0.62 12 272.76 —269.29 —51.50 217.79 - - —-6.15
Co 0.61 12 274.03 —270.54 32.03 302.57 —50.00 7.03 8.15
Ti 0.76 - 255.78 —252.52 —83.60 168.92 - - —26.55
A% 0.64 13 270.25 —266.81 —57.90 208.91 - - -9.30
Bi 0.96 - 233.69 —230.71 19.79 250.50 —-9.40 —33.57 —33.28
Mn 0.645 15 269.63 —266.19 —20.30 245.89 —18.26 —-24.71 —3.88

2 Data are from Shannon (1976).

Y Data are from Schwertmann and Carlson (1994), Kaur et al. (2009c), Martin et al. (1997), Pozas et al. (2004), Sileo et al. (2004), and Wells et al. (2006).
¢ Data for goethite (a-FeOOH), diaspore (a-AIOOH) and manganite (a-MnOOH) are adopted from Ball and Nordstrom (1991), data for BiOOH is adopted from

Speight (2005) and that for CoOOOH is adopted from Hem et al. (1985).
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of Co®™" increased with increasing Co content. The lattice parameters
(a, b, and ¢) and cell volume were gradually decreased while crystal
density was increased as the Co contents increased. These parameters
for single Al-substituted samples were gradually decreased with in-
creasing Al content. For Co + Al co-doped goethites, Co also existed in
a mixed-valence of +2 and +3, and the proportion of Co®>* decreased
with increasing the coexisting AI*>* content. Lattice parameter a de-
creased with increasing Co content, lattice parameter b and crystal
density decreased with increasing Al content, and lattice parameter c,
cell volume, average Fe-Me (Me = Fe, Co and Al) distances E' and DC
decreased with increasing total Co + Al contents while E decreased. Co
and Al were uniformly distributed in goethite structure, and Co greatly
promoted mineral dissolution in acidic conditions. Coexisting AI** had
almost no effect on the incorporation of Co into goethite structure, but
the presence of Co suppressed the substitution of Al for Fe. This can be
rationally explained by the calculated partition coefficients (Kq) using
the linear free energy relationship. The present work highlights the
necessity to consider not only the substituent cation physical properties,
e.g. size, charge, but also the chemical properties, including chemical
bonding energy and chemical potential, and provides insights into the
incorporation mechanisms of co-existing cations into the iron hydroxide
minerals.

Though in the present study the goethite samples were synthesized
at an extremely high pH, compared to those of most natural environ-
ment conditions, the observed preference of Co over Al here, Cd over Al
in our previous study (Yin et al., 2018) and Mn over Al (Alvarez et al.,
2007) might also exist in geological settings, based on the linear free
energy correlation model. Natural iron hydroxide minerals commonly
contain various impurities, the most common of which is AI**. After
entering soils and sediments, quite a large part of heavy metals are
associated with Fe minerals. Most previous studies about the retention
mechanisms of metal pollutants on iron oxides used synthetic pure
mineral to mimic natural minerals (Okazaki et al., 1986; Wang et al.,
2019), however the existence of Al in iron oxide structure can greatly
modify the association behaviors of metal pollutants with iron oxide
minerals (Liang et al., 2019). All these results suggest that natural Al-
substituted iron oxide minerals may have enhanced retention capacities
for heavy metal pollutants, either by adsorption or coprecipitation.
Thus, taking into full consideration the exact Al content in iron hy-
droxide minerals to evaluate and predict their roles in controlling the
fate and mobility of heavy metals in environments is strongly sug-
gested.
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