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To elucidate the influence of bi-substitution on the structural and hyperfine properties of goetites, two series of
(Al,Co)- and (Mn,Co)-substituted goethites were synthesized in alkaline media by aging several ferrihydrites
with different Al/Co and Mn/Co ratios. The samples were fully characterized by chemical analyses, X-ray diffrac-
tion (XRD) and Mössbauer spectroscopy; scanning electron microscopy (SEM), zeta potential and BET surface
area measurements were also performed. All the solids presented only an α-FeOOH-like structure, with the ex-
ception of two preparationswith high Co concentrations that developed two phases, goethite and small amounts
of the Co-ferrite (CoFe2O4). The cell parameters in the Co-substituted goethites were markedly smaller than that
of the pure sample indicating a oxidation of Co(II) to Co(III) before the incorporation step. In the Co+Mn series
the metal substitution followed the trend Co ~ Mn, and in the Co + Al series the trend was Al N Co, and in both
cases the incorporation of Co decreased the crystallite size of the samples. The metal-for-Fe incorporation
changed the specific surface areas and the morphology of the acicular formed particles. Cobalt containing
samples had the highest SSA, while Mn-containing samples had the lowest SSA. The IEP values of the bi-
substituted samples were similar to that of pure α-FeOOH, but mono-substitution by Mn and Al diminished
the isoelectric points. The low IEP values detected inMn-goethite (5.8) and Al-goethite (5.2) could be respective-
ly ascribed to an inhomogeneous distribution ofMn(III), and to the different basicity properties of the surface Fe–
OH and Al–OH groups. The hyperfine magnetic field Bhf, increased quasi linearly with the incorporation of Co in
both series. In the Co–Mn series the effect was attributed to variations in particle size distribution, in contrast the
marked increase observed in the Co–Al series can be attributed to the decrease in the content of diamagnetic ion
Al(III). The results indicate that simultaneous substitutions produce substantial changes in the structural, surface
and hyperfine properties of goethites. As the characteristics of the dissolution and adsorption processes of the
goethites greatly depend on particle size, BET areas and surface charge of the solids, the reported results will
allow us to predict changes in the chemical reactivity and adsorption of the multi-substituted goethites. Also
the data on hyperfine properties will help to elucidate the probable substitution in natural samples. The fact
that Co-incorporation in bi-substituted samples greatly decreased the particle size increasing the specific surface
area is an important parameter for technological applications in adsorption removal processes.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Goethite (α-FeOOH) is naturally present in various soils, marine
sediments and ore deposits. Commonly, natural goethite is not pure,
and is associated with a number of cations that are iso- or heterovalent
to Fe(III). In fact, in natural environments and in many industrial pro-
cesses, the oxy-hydroxide forms in the presence of multiple metal cat-
ions. Mine effluents contain metals such as Cr, Ni, Zn, Cd, Pb that can
be incorporated into α-FeOOH; the same occurs in soils, which may
be contaminated with a number of heavy metals from industrial
effluents, fertilizers, etc. (Vega et al., 2004). Thus the coprecipitation of
metals with Fe could lead to the simultaneous incorporation of multiple
metals into the goethite structure under natural conditions.

Although single metal-for-Fe substitution has been extensively
studied, a few studies have investigated multiple metal substitutions
in goethite (Cornell, 1991; Manceau et al., 2000; Alvarez et al., 2007;
Kaur et al., 2009a,b; Singh et al., 2010). While Manceau et al. (2000),
observed simultaneous incorporation of Cr, Mn, Co, Ni, Cu and Zn in
natural goethite, the other authors studied the simultaneous inclusion
of cations in the structure of the synthetic goethite. Cornell (1991)
reported a maximum incorporation of 8 mol% for Ni, Co and Mn, and
Kaur et al. (2009a) reported a maximum value of 10.5 mol% for Cr, Zn,
Cd and Pb, into the structure of the oxyhydroxide. The authors also

http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemgeo.2015.08.022&domain=pdf
http://dx.doi.org/10.1016/j.chemgeo.2015.08.022
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reported differences in the maximum level of substitution between
single-metal systems and multi-substitution that indicated both syner-
gistic and antagonistic incorporation effects. For instance, in single-
metal substitution the sequence for maximum incorporation was
Zn ~ Cr N Cd N Pb, and in multiple metal systems the sequence changed
to Cr ≥ Cd N Zn N Pb. Regarding the incorporation of aluminumandman-
ganese in goethite, previous research in the authors' laboratory has
shown the dominance of Mn over Al in the simultaneous incorporation
of both ions in the solid structure (Alvarez et al., 2007).

The substitution of Fe by foreign ions affects the physicochemical
properties of the oxy-hydroxide. In particular, cation substitution pro-
duces changes around the Fe nucleus that modify the Mössbauer spec-
trum. For instance, the spectrum of pure well crystallized goethite at
room temperature consists of a single sextetwith narrow lines, intensity
ratios 3:2:1:1:2:3 and a hyperfine magnetic field (Bhf) of about 38 T
(Cornell and Schwertmann, 2000); however, isomorphous substitu-
tions change the spectrum ofα-FeOOH inducing a decrease in the aver-
age Bhf. The amount of this decrease varies for different incorporated
cations (Schwertmann and Taylor, 1989; dos Santos et al., 2001;
Krehula and Musić, 2008, 2009; Guimarães et al., 2009), and also de-
pends on the synthesis route of the solid as it modifies the particle
and crystallite size of the formed particles. It is well known that changes
in crystallinity and particle size generate variations in the hyperfine
properties of goethite (Murad and Bowen, 1987; Vandenberghe, 1991;
DeGrave et al., 2002; Krehula et al., 2005; Krehula andMusić, 2006), in-
ducing the broadening of the resonant lines and modifying the ideal in-
tensity ratios. For example, in the case of very fine particles (b20 nm),
the spectrum of goethite collapses to a doublet (Murad and Johnston,
1987), meanwhile increasing particle size and higher crystallinity
cause an increase in Bhf. Therefore, Bhf is particularly sensitive to: parti-
cle size distribution, crystallinity and cation substitution that are known
to be influenced by Me-for-Fe substitution.

Because the knowledge of the mechanisms by which trace metals
associate with goethite in multi-element systems is essential to assess
the role played by goethite in the bioavailability of certain ions under
natural conditions, in this work we have studied the synthesis of goe-
thite formed from ferrihydrite in the simultaneous presence of three
foreign metal cations that are associated with iron oxides in soils and
sediments: Al, Co andMn. Even though the individual effect of each cat-
ion on the final products of the crystallization of ferrihydrite have al-
ready been fully investigated (Sileo et al., 2001; González et al., 2002;
Alvarez et al., 2005, 2008 and references therein), as well as the varia-
tions induced by their individual incorporation in the Mössbauer spec-
trum of goethite (Murad and Bowen, 1987; De Grave et al., 2002;
Krehula andMusić, 2006, 2008), the effect of the simultaneous presence
of the Co + Mn or Co + Al cations during the formation of goethite, is
unknown. For this reason in this study we explore the influence of the
simultaneous presence of these cations during the transformation of
ferrihydrite to goethite, establishing the maximum uptake of each
cation in the presence of the other, and also determining the morpho-
logical, structural, surface charge changes, and hyperfine properties in
themulti-substituted final goethites. In particularwe have used ameth-
od sensitive to long-range atomic order (Rietveld refinement) to deter-
mine the changes in structure and crystallite size of the oxide, and a
method sensitive to short-range atomic order (57Fe Mössbauer spec-
troscopy) to detect changes in the goethites due to the cations
incorporation.

These findings will allow us to fully characterize the substituted
goethites and to elucidate the role played by bi-substituted goethites
in metal cation sequestration in natural environments, establishing if
there are antagonistic or synergetic effects on the sequestration process,
while data on hyperfine properties will help in the analyses of natural
metal-substituted samples. Additionally, the measurements of the
morphology, BET surface areas and surface charge characteristics of
the solids will allow us to predict changes in the adsorption and dis-
solution properties of multi-substituted goethites.
2. Experimental

2.1. Samples preparation

Two series of metal (Me) substituted goethites (Mn,Co-goethites
and Co,Al-goethites) were synthesized, keeping a maximum substitut-
ing ion concentration (χMe) at 12 mol mol−1% (χMe = [Me] × 100/
([Me] + [Fe])). Higher Me concentrations were not used to avoid the
formation of additional phases (Alvarez et al., 2007). A sample of pure
and a tri-substituted goethite were also prepared.

SeriesI: Co,Mn-goethites. Samples of Mn-, Co- and mixed Mn,Co-goe-
thites were prepared by a modification of the synthesis proposed by
Sileo et al. (2001). Ferrihydrite was precipitated by adding a 2 M
NaOH solution to a mixed solution containing Fe(NO3)3, Mn(NO3)2
and Co(NO3)2, until the ratioMe/OH−was 0.076. For all samples the ini-
tial [Fe] + [Mn] + [Co] concentration was 0.53 M. After precipitation,
the solids were immediately washed twice with bidistilled water, cen-
trifuged and aged for 15 days at 60 °C in Teflon bottles containing
0.3 M NaOH. Mixed samples were synthesized with different nominal
[Co]:[Mn] ratio (9:3, 6:6 and 3:9 mol mol−1), and the solids were
named SI–Co9Mn3, SI–Co6Mn6 and SI–Co3Mn9, respectively. Singly
substituted Co-goethite and Mn-goethite (samples named SI–Co12Mn0
and SI–Co0Mn12, respectively) were similarly produced by using
Fe + Co or Fe + Mn nitrate solutions.

SeriesII: Co,Al-goethites. The samples were prepared following the
procedure undertaken by Alvarez et al. (2007). Al-goethite was pre-
pared by mixing two solutions (A and B), where solution A was
25.0 mL of 1 M Fe(NO3)3, and solution B was 62.5 mL of 0.5 M
Al(NO3)3 + 37.5 mL of 5 M KOH (ratio OH−/Al = 6). Three samples of
Co,Al-goethites with different Co:Al ratio (9:3, 6:6 and 3:9 mol mol−1)
were obtained by mixing adequate volumes of solutions A and B with
0.5 M Co(NO3)2, followed by 5 M KOH. The formed suspensions were
also aged for 15 days at 60 °C in Teflon bottles, and bi-distilled water
was added to reach a final KOH concentration of 0.3 M. Al-goethite
(sample named SII–Co0Al12) was obtained similarly using A and B solu-
tions. The solids were named SII–Co9Al3, SII–Co6Al6, and SII–Co3Al9. Fol-
lowing the same methodology used to synthesize the solids in SeriesII,
an additional tri-substituted sample containing Co+ Al +Mnwas pre-
pared using a 4:4:4 ([Co]:[Al]:[Mn]) ratio (sample Co4Al4Mn4).

In all cases the bottles were opened daily, recapped and shaken by
hand end-over-end for 5 s. After aging, the materials were washed
with bidistilled water until the conductivity of the filtered solution
was similar to that of bidistilled water (18 MΩ). The remaining solids
were dried at 40 °C and gently crushed in an agate mortar and sub-
sequently treated with 0.4MHCl at room temperature for 30min to re-
move any non-incorporatedmetal cations or poorly crystallinematerial
from the surface. The metal contents of the samples were determined
on these final solids.

2.2. Chemical analysis

The amount of Co,Mn, Al and Fewasmeasured by atomic absorption
spectrometry using a GBC, Model B-932 equipment. The HCl-extracted
samples (30 mg) were dissolved at 80 °C in 6 M HCl (SeriesI) and
12 M HCl (SeriesII).

2.3. X-ray diffraction (XRD) and Rietveld analysis

X-ray diffraction patterns were obtained with a Cu target tube and
diffracted beam with a graphite monochromator (Siemens D5000).
XRD patterns were measured in the 17.5–130° 2θ range, in 0.025°
steps and using 8 s per step counting time. The data were analyzed
using the GSAS software package (Larson and Von Dreele, 1996) with
EXPGUI interface (Toby, 2002). The mean coherence path dimensions
(MCP) or crystallite sizes, were determined in the parallel (Pparal) and
perpendicular (Pperp) directions to the anisotropic broadening (110)
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axis. Initial unit-cell parameters and atomic coordinates for goethite
were taken from the literature (Szytula et al., 1968), the space group
used was Pbnm and the peak profiles were fitted using the
Thompson-Cox-Hastings pseudo-Voigt function (Thompson et al.,
1987). Crystallite dimensions were calculated making allowances for
the instrument broadening function previously modeled for the same
instrumental setting using a NIST SRM 660 lanthanum hexaboride
(LaB6) standard.
2.4. Specific surface areas (SSA) and morphological characterization

The surface areas were determined by physical N2 adsorption/de-
sorption at 77 K, with a Micrometrics ASAP 2020 instrument. Specific
surface areas were determined by N2 adsorption, using a multiple
point method.

Particle morphology and size were characterized using scanning
electron microscopy (SEM) by examining a drop of suspension dried
onto a metallic support (Zeiss Supra 40, field emission, gun-scanning
electron microscope).
2.5. Zeta (ζ) potential measurements

The zeta potential or the electrical charge density on the surface
(ξ) was obtained using a Malvern Zetasizer. The ξ of the oxides was
measured in the range of pH 3.0–9.0. For this, 5 × 10−2 g of the
solid was added to 1000 mL, 10−2 M NaNO3 solution, using a solu-
tion/solid ratio equal to 20 L/g. The pH value was adjusted in the
range 3.5 to 8.5 by adding 0.1 M KOH or HNO3. The electrophoretic
cell was rinsed three times with deionized water and with the sam-
ple solution before measurements to avoid cross-contamination.
The values were expressed as isoelectric point, IEP.
2.6. Mössbauer Spectroscopy

Mössbauer spectra were obtained at room temperature (RT) with a
conventional constant acceleration spectrometer in transmission geom-
etry with a 57Co/Rh source. The absorber thickness was optimized ac-
cording to the Long et al. criterion (Long et al., 1983). Measurements
were recorded at 11 mm/s and fitted using the Normos program
(Brand, 1991). Isomer shift values were given relative to that of α-Fe
at RT.
Table 1
Chemical composition of the samples.

Sample χMn

(initial)
χAl

(initial)
χCo

(initial)
χ 'Mn

(incorporate

Co0Al0Mn0

(pure goethite)
0.0 0.0 0.0 0.0

SI–Co12Mn0 0.0 – 12.0 ± 0.6 0.0
SI–Co9Mn3 3.0 ± 0.2 – 9.0 ± 0.5 2.1 ± 0.1
SI–Co6Mn6 6.0 ± 0.3 – 6.0 ± 0.3 4.6 ± 0.2
SI–Co3Mn9 9.0 ± 0.5 - 3.0 ± 0.2 7.5 ± 0.4
SI–Co0Mn12 12.0 ± 0.6 - 0.0 10.2 ± 0.5
SII–Co9Al3 – 3.0 ± 0.2 9.0 ± 0.5 –
SII–Co6Al6 – 6.0 ± 0.3 6.0 ± 0.3 –
SII–Co3Al9 – 9.0 ± 0.5 3.0 ± 0.2 –
SII–Co0Al12 – 12.0 ± 0.6 0.0 –
Co4Al4Mn4 4.0 ± 0.2 4.0 ± 0.2 4.0 ± 0.2 2.8 ± 0.1

χMe expressed as [Me] × 100/([Me] + [Fe]) (mol mol−1%).
Subscripts indicate the nominal content of Mn, Co and Al in each sample.
χ′ indicated the total concentration in the final product/or products.
⁎ Stoichiometries estimated from the size of the cell parameters.
3. Results and discussion

3.1. Chemical composition and X-ray diffraction (XRD) analysis

The nominal and final content of Mn, Co and Al in the two synthe-
sized series are shown in Table 1. The degree of incorporation of each
ion is closely related to the respective initial concentration in solution.
The XRD patterns showed goethite as the only crystalline phase in al-
most all cases. When the goethite was synthesized in the presence of
high Co concentrations, as in samples SII–Co9Al3 and SII–Co6Al6, small
amounts of an additional spinel phase were found. As is discussed
later, the spinel phase in the samples was ascribed to the presence of
Co-ferrite (CoFe2O4). The calculated phase weight content in SII–
Co9Al3 was 90.11% (goethite) + 9.89% (Co-ferrite); and 93.50% (goe-
thite) + 8.39% (Co-ferrite) for SII–Co6Al6. As all samples were extracted
with 0.4 M HCl, these phase weights were not adjusted for any remain-
ing amorphous solids.

The calculated stoichiometry of the substituted goethites taking into
account the presence of the spinel phase, is shown in Table 1.

In SeriesI, as the Mn content increased, the goethites became darker
than the pure phase or the Co-goethite. In SeriesII, the color varied from
brown sienna to yellowwith increasing Al content. The dark color of the
SII–Co9Al3 and SII–Co6Al6 was attributed to the presence of the spinel
phase.

3.2. Rietveld refinement results

Lattice parameters and phases composition, as obtained from
Rietveld refinement, are presented in Table 2. The refined unit cell
volume and cell parameters of SI–Co12Mn0 (Co-goethite), weremarked-
ly smaller than the ones found for pure goethite (136.635(24) vs.
138.959(11) Å3, a: 4.5764(4) vs. 4.6132(2); b: 9.9184(7) vs.
9.9599(2) and c: 3.0102(7) vs. 3.0242(2)). Thesefindingsmay be attrib-
uted to the incorporation of Co as Co(III), indicating oxidation of Co(II)
before the incorporation step. The data coincides with the size of the
cation ionic radii in a six-coordination site, with values of 0.645 Å for
Fe(III), 0.745 Å for Co(II), and 0.61 Å for Co(III) (Shannon, 1976). Further
studies based on X-ray Absorption Near Edge Structure (XANES) mea-
surementsmay benecessary to confirm the oxidation state of the cobalt.

A peak corresponding to a spinel phasewas detected in the XRDpat-
terns for SII–Co9Al3 and SII–Co6Al6 (Fig. 1). The refinement indicated that
the cell parameter values for this phase were in the range 8.3842(30) -
8.3957(84) Å. These values coincide with crystallographic data for Co-
ferrite (Sileo et al., 2006), and with the Mössbauer analysis discussed
d)
χ 'Al
(incorporated)

χ 'Co
(incorporated)

Goethite

0.0 0.0 FeOOH
(theoretical stoichiometry)

– 7.4 ± 0.4 Fe0.926Co0.074OOH
– 6.3 ± 0.3 Fe0.916Co0.063Mn0.021OOH
– 4.5 ± 0.2 Fe0.909Co0.045Mn0.046OOH
- 2.3 ± 0.1 Fe0.902Co0.023Mn0.075OOH
– 0.0 Fe0.898Mn0.102OOH
2.9 ± 0.1 6.5 ± 0.3 Fe0.922Co0.049Al0.029 OOH⁎

4.0 ± 0.2 4.2 ± 0.2 Fe0.927Co0.033Al0.040OOH⁎

6.7 ± 0.3 2.2 ± 0.1 Fe0.911Co0.022Al0.067OOH
10.5 ± 0.5 0.0 Fe0.895Al0.105OOH
3.1 ± 0.2 2.4 ± 0.1 Fe0.917Mn0.028Co0.024Al0.031OOH
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Fig. 1. Partial diffraction patterns of selected samples. All diagrams correspond to a
goethite-phase. The presence of a spinel phase (*) is detected in samples SII–Co9Al3 and
SII–Co6Al6. The displacement of the peaks is caused by the different Me-incorporation.
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later, indicating that both samples were composed of Co,Al-goethite
plus Co-ferrite (respective weight fractions goethite/Co-ferrite
are 90.11/9.89 and 91.61/8.39). Calculated final stoichiometric
values for the goethite phase in SII–Co9Al3 and SII–Co6Al6 are
Fe0.922Co0.049Al0.029OOH and Fe0.927Co0.033Al0.040OOH, respectively. The
formation of Co-ferrite indicated that in the preparations with high Co
content, part of the Co remained as Co(II) and was incorporated into
the spinel, and part was oxidized to Co(III) and incorporated into
goethite.

Themeasured chemical compositions showed that in analogous pre-
parative conditions (e.g. samples SI–Co6Mn6 and SII–Co6Al6) the incor-
poration of Mn was similar to that of Co (χ′Mn = 4.6 ± 0.2 vs. χ′Co =
4.5 ± 0.2), and the incorporation of Al was larger than that of
Co (χ′Al = 4.0 ± 0.2 vs. χ′Co = 3.3 ± 0.2). This contrasts with the re-
sults found by Alvarez et al. (2007), who found a clear preference of
Mn over Al in the incorporation in goethites, a dominant effect of Co
vs. Mn was not detected in this work.

In the mono-substituted samples the incorporation followed
the trend χ′Al (10.5 ± 0.5) ~ χ′Mn (10.2 ± 0.5) N χ′Co (7.4 ± 0.4).
The metal content of the tri-substituted sample indicated that the
extent of metal incorporation followed the same trend (χ′Al (3.1 ±
0.2) ~ χ′Mn (2.8 ± 0.1) N χ′Co (2.4 ± 0.1)).

The changes in unit cell dimensions and volume of goethite as a
function of the Co-content (χ′Co-goe) in the phase for SeriesI and SeriesII
are displayed in Fig. 2.

In SeriesI (Co,Mn), and according to previous works on Mn-
substituted goethites (Sileo et al., 2001), the inclusion of Mn(III) in the
framework of goethites was evidently expressed in the values of the
b-parameter of samples with high Mn-content (SI–Co3Mn9 and SI–
Co0Mn12). In these solids the b-value was greater than that of pure goe-
thite, reflecting the influence of the incorporation ofMn(III), a d4 cation,
that imposes a marked Jahn-Teller distortion. Along the series the a-
parameter decreased with the increase in Co with a-values changing
from 4.5942(2) Å (in Mn-goethite) to 4.5764(4) Å for the sample with
the highest Co-content (SI–Co12Mn0). Similarly, the b- and c-
parameters diminishedwith the increase of χ′Co-goe, with b-values vary-
ing from 9.9714(4) to 9.9184(7) Å, and c-values changing from
3.0178(1) to 3.0102(7) Å. This decrease in cell parameters and conse-
quently cell volume is in agreement with the cell values found in single
Co-substituted goethite (Alvarez et al., 2008).

In SeriesII (Co,Al) all unit cell parameters and cell volume of the
Co,Al-goethites increased with an increase of χ′Co-goe (and a concomi-
tant decrease in Al-content). Initial and final dimensions for a-, b-, c-
and volume values were 4.6030(3)–4.6081(5), 9.9068(4)–9.9381(4),



Table 3
Length-to-width ratio, specific surface areas values for both series of samples.

Samples Width (W)
(nm)

Length (L)
(nm)

L/W SSA
(m2 g−1)

Co0Mn0Al0 110 903 8.2 36 ± 1
SI–Co12Mn0 29 567 19.5 109 ± 1
SI–Co9Mn3 39 452 11.6 58 ± 1
SI–Co6Mn6 44 693 15.7 55 ± 1
SI–Co3Mn9 58 827 14.3 42 ± 1
SI–Co0Mn12 61 884 13.8 28 ± 1
SII–Co9Al3 91 515 5.7 38 ± 1
SII–Co6Al6 59 419 7.1 43 ± 1
SII–Co3Al9 50 304 6.1 36 ± 1
SII–Co0Al12 91 386 4.2 26 ± 1
Co4Al4Mn4 80 643 8.0 64 ± 1
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3.0090(1)–3.0170(2), and 137.213(14)–138.165(24) Å3, respectively.
These findings are in agreement with a series of mixedMn,Al-goethites
prepared in a similar manner by Alvarez et al. (2008), and indicate that
the cell-distortion in the Al,Co-substituted goethites is determined pri-
marily by the inclusion of Al, and only sampleswith low Al-content pre-
sented cell parameters close to those of Co-goethite. This is due to the
significantly smaller size of the Al(III) ion (ionic radii 0.535 Å,
Shannon, 1976) when compared to Co(III) (0.61 Å) and demonstrates
that the size of the unit cell is sensitive to the presence of Al, even at
low levels of aluminum substitution.

In SeriesI the calculated MCP dimensions, reflecting the crystallite
size in the parallel (Lparal) and perpendicular (Lperp) directions to the
normal of crystal plane (110) (see Table 2), indicated that Co-
incorporation intoMn-goethite diminishes the crystallite size. The Lparal
and Lperp values changed from 42 and 384 nm (in Mn-goethite) to 27
and 155 nm in the Mn,Co-goethite with the highest Co-content (SI–
Co9Mn3). In SeriesII, the trend was similar and incorporation of Co to
Al-goethite diminished the Lparal and Lperp values from 63 and 563 nm
(in Al-goethite) to 46 and 227 nm (sample SII–Co9Al3). The sample con-
taining Fe, Co, Mn and Al, showed one of the lowest crystallinities (49
and 144 nm) even though Lperp is higher than for pure goethite. In sum-
mary, the incorporation of Co always decreased themean coherence di-
mensions or crystallite size.

3.3. Specific surface areas (SSA)

Metal incorporation changed the specific surface areas of the goe-
thites (Table 3). In general, all samples presented a higher surface area
than the pure sample; the maximum was found for the mono-
substitution of Co-for-Fe that generated particles with a SSA value of
109 ± 1 m2 g−1. This is consistent with a previous work (Alvarez
et al., 2008) reporting that increasing initial Co concentrations and con-
comitant increases in structural Co incorporation in goethite is positive-
ly correlated to increases in specific surface area.

On the contrary, particles containing only Mn had the lowest SSA
value (28 ± 1 m2 g−1). This SSA value was smaller than that of pure
goethite and was probably produced by an increase in crystallinity. As
can be expected, samples with intermediate di-substitution had in-
creasing SSA values with increasing Co content and a corresponding
decrease in Mn content. The SSA values in SeriesI followed the trend:
SI–Co12Mn0 N SI–Co9Mn3 N SI–Co6Mn6 N SI–Co3Mn9 N SI–Co0Mn12 (see
Table 3).

In SeriesII, Al-substituted goethite displayed a SSA value of 26 ±
1m2 g−1, and the specific surface area increasedwith increasingCo sub-
stitution (and the corresponding diminution in the Al content). Howev-
er, it must be taken into account that samples SII–Co6Al6 and SII–Co9Al3
contained small amounts of a powdered spinel phase that influenced
Fig. 2. Variations in unit cell parameters (a–c) and cell volumes (d) in the prepared sam-
ples, as a function of Co-incorporation (χ′Co-goe mol mol−1) in goethite: ( ) SeriesI
(Co,Mn), ( ) SeriesII (Co,Al) and ( ) pure goethite.



Fig. 3.Variation in the crystalmorphology of goethiteswith an increase of structuralMn. SEMmicrographs at 100,000× for samples: (a) Co0Mn0Al0, (b) SI–Co12Mn0, (c) SI–Co6Mn6, (d) SI–
Co0Mn12.
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Fig. 4. Variation in the crystal morphology of Co-goethite with an increase of Al. Morphology of the tri-substituted sample. Micrographs at 100,000× for: (a) SII–Co9Al3, (b) SII–Co3Al9,
(c) SII–Co0Al12, and (d) Co4Al4Mn4.
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the surface area. The SSA followed the sequence: SII–Co6Al6 N SII–
Co9Al3 N SII–Co3Al9 N SII–Co0Al12.

In general a correlation between crystallite size and SSA values may
be found, with increasing SSA values for samples with decreasing crys-
tallite size (cf. values for samples SI–Co12Mn0, SI–Co0Mn12 and SII–
Co0Al12). The tri-substituted oxy(hydr)oxide presented a high SSA
value (64 ± 1 m2 g−1), consistent with the strong effect of the Co sub-
stitution. Here, the Co content was lower than that of Al and Mn; how-
ever, the influence of Co in forming particles with small crystallite size
determined the enlarged surface area of the sample.

In summary, the mono-substitution of Co-for-Fe generated high SSA
values, but the inclusion of Al and Mn significantly decreased these fig-
ures. The tri-substituted sample exhibited a SSA value 42% greater than
the respective mono-substituted samples, in spite of a higher concen-
tration of Al and Mn. This increase in SSA is associated with the influ-
ence of the low but significant amount of Co which was incorporated
into the oxide.
Fig. 6. RTMössbauer spectrum (a) and its corresponding Bhf distribution (b) of Co0Al0Mn0

(pure goethite).
3.4. Crystal morphology

The incorporations (Co-for-Fe and Mn-for-Fe) affected significantly
the morphology of the acicular particles (Fig. 3 and Table 3). The
mono-substitution of Co-for-Fe in goethite produced thin particles
with dimensions that varied from 903 and 110 nm (length and width
in pure goethite) to 567 and 29 nm in Co-goethite. These needles pre-
sented the largest L/W ratio (L: length, and W: width). Incorporation
of Mn caused a slight increase in width and a significant enlargement
of the particles along the c-axis.

The variation in the crystal morphology of Co-goethites with in-
creasing Al-content is displayed in Fig. 4. In general, the increase in Al
produced heterogeneous particles with decreased length. Pure Al-
goethite (SII–Co0Al12) resulted in one of the shortest needles with the
smallest L/W ratio.
Fig. 5. Electrical charge density (ξ) vs.pH for selected samples in the Co-andMn-substitut-
ed goethites, (a) ( ) SI–Co12Mn0, IEP = 7.4, ( )SI–Co6Mn6, IEP = 7.8, ( ) SI–
Co0Mn12, IEP=5.8, and ( ) pure goethite, IEP=7.3; and in theCo- andAl-substituted
samples (b) ( ) SII–Co0Al12, IEP = 5.2, ( ) SII–Co6Al6, IEP = 7.3, ( ) SI–
Co12Mn0, IEP = 7.4, and ( ) pure goethite.
Sample Co4Al4Mn4 displayed varied size particles (Fig. 4 d, average
width and length: 80–643 nm). These width values were close to
those obtained in samples with Al-for-Fe substitution. On the other
hand, the considerable length (643 nm) could be ascribed to the pres-
ence of Mn that causes highly elongated particles along the c-axis. The
L/W ratio value (8.0) was intermediate between values obtained for
SII–Co0Al12 (4.2) and SI–Co0Mn12 (14.5).
3.5. Electrophoretic mobility

Electrophoretic mobility measurements are related to the move-
ment of suspended particles under the influence of an electric field,
where the direction of the movement depends on the particles' charge
at a given pH. The pH of the solution strongly influences the charge of
the particles, and the pH value at which the oxide particles do not
Table 4
Mössbauer parameters for the hyperfine field distributions employed to fit the spectra.

Sample bBhfN [T] Bhfp [T] IS [mm/s] 2εQ [mm/s]

Co0Al0Mn0

(pure goethite)
35.0 38 0.41 −0.27

SI–Co12Mn0 21.5 27 0.36 −0.29
SI–Co9Mn3 27.0 33 0.40 −0.30
SI–Co6Mn6 26.3 32 0.38 −0.28
SI–Co3Mn9 25.0 30 0.38 −0.28
SI–Co0Mn12 24.2 29 0.38 −0.28
SII–Co9Al3 26.6 35 0.39 −0.29
SII–Co6Al6 24.3 34 0.37 −0.31
SII–Co3Al9 23.3 32 0.37 −0.31
SII–Co0Al12 19.2 28 & 3a 0.36 −0.31
Co4Al4Mn4 25.3 35 0.34 −0.32

a Two values with almost the same probability are found.



Fig. 7.Mössbauer spectra for Co-goethite samples showing the noticeable broadening of the spectral lines and a deviation from the ideal intensity ratio.
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Fig. 8. Hyperfine magnetic field distributions for samples in Series I and II.
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move under the applied electric field is called the point of zero charge
(PZC). When electrophoretic techniques are used, the pH at which the
electrophoretic mobility is zero is called the isoelectric point (IEP)
(Van Olphen, 1977), and if there is no adsorption of ions other than
the potential determining H+/OH−ions at the surface, PZC and IEP are
synonymous.

The overall surface charge of goethite may be affected by the pres-
ence of foreign metal ions, and when a partial replacement of Fe(III)
by other elements occurs, a shift in the value of the IEP with respect to
pure goethite can be expected (Vega et al., 2004). In this work, most
of the values in both series were similar to that measured for α-
FeOOH (IEP = 7.3), but two samples, SI–Co0Mn12 and SII–Co0Al12,
displayed clearly diminished isoelectric points (Fig. 5). In the case of
SI–Co0Mn12 (Mn-goethite, IEP = 5.8) the value was similar to those re-
ported for Mn(III) oxides (b5) (Kosmulski, 2009). This indicated that
the surface of the particles resembled those of Mn-oxides and that the
distribution of Mn in the particles was probably concentrated toward
the outer layers of the particles. Sample SII–Co0Al12 (Al-goethite,
IEP = 5.2) displayed the smallest IEP value, and the overall most nega-
tive surface in the series; this feature can be related to the different ba-
sicity properties of the surface Fe–OH and Al–OH groups (Aquino et al.,
2007). Regarding sample SI–Co12Mn0 (Co-goethite, IEP=7.4), themea-
sured value was in agreement with data reported for cobalt oxides
(Kosmulski, 2009) that show IEP values similar to that expected for
pure goethite and various iron oxides (≥7). However, in this case, an in-
homogeneous distribution of Co(III) in the crystals with an enrichment
on the surface of the platelets cannot be discounted. Regarding the bi-
substituted samples with Co + Mn or Al + Co into the structure of
the oxy-hydroxide particles, the constant and almost unaltered IEP
values may be caused by the simultaneous presence of two ions with
opposite effects on the surface change.

3.6. Mössbauer spectroscopy analysis

The RTMössbauer spectrumof Co0Al0Mn0, which represents the ref-
erence goethite spectrum for the two metal substitution series exhibits
asymmetrical line shapes (Fig. 6a). The datawerefittedwith a hyperfine
magnetic field (Bhf) distribution (Fig. 6b), where Bhf is a result of the di-
pole interaction between the nuclear spin moment and any surround-
ing magnetic field. For each Bhf distribution two characteristic values
were obtained (see Table 4): the most probable magnetic hyperfine
field (Bhfp) and the average value (bBhfN). In the case of sample
Co0Al0Mn0 (non-substituted, control sample), the Bhfp value coincided
with that reported for stoichiometric, perfectly crystallized α-FeOOH
(38.2 T) (Cornell and Schwertmann, 2000), but bBhfN was somewhat
smaller (~35 T), reflecting a non-uniform particle size distribution.

The RT Mössbauer spectra of all samples in SeriesI and SeriesII re-
vealed visible differences compared to the reference goethite sample,
with a broadening of the spectral lines and a deviation from the ideal in-
tensity ratio 3:2:1:1:2:3 (Fig. 7). The observed changes indicated a
marked effect on the hyperfine properties of goethite when it is synthe-
sized in the presence of Co-, Mn- and Al- ions.

Spectra for both serieswere alsofittedwith a distribution ofmagnet-
ic hyperfine fields (Fig. 8).

The isomer shift, IS (which is related to the oxidation state and the
chemical environment of the iron atom), and the quadrupole shift,
2εQ (which reflects the quadrupole interactions determined by the
electric field gradient at the nucleus) were typical of high spin Fe(III)
and remained almost constant along the series suggesting that the s-
electron density and the symmetry of the charge distribution around
the Fe nucleus were not critically affected by the substitution (Table 4).

It has been reported that the spectrum of goethite is highly influ-
enced by the average particle size and the crystallite dimensions
(Murad, 1982; De Grave et al., 2002). For example, it has been shown
that the Bhf distribution of poorly crystallized goethite presents signifi-
cant contributions at lower fields. In addition, the spectrum is also
very sensitive to the incorporation of metal cations into the crystal
structure, and previous studies of Co-goethites (Krehula and Musić,
2008) have demonstrated that in a series of Co-substituted goethites
with similar particle and crystal sizes, the decrease of b Bhf N could pro-
vide a measure of Co-substitution.

All bBhfN were lower than pure goethite including the ones corre-
sponding to samples with enlarged crystallite size or coherent path di-
mensions (see for instance the Lparal, Lperp and b Bhf N values for
samples SI–Co0Mn12 and SII–Co3Al9 in Tables 2 and 4). These results in-
dicated that the decreased b Bhf N values may only be attributed to Co,
Mn or Al substitution into the goethite structure and/or as a conse-
quence of a non-uniform distribution in particle size.

For both series the maxima of the Bhf distribution (cf. Fig. 8) were
shifted toward lower Bhf values with decreasing Co-incorporation and,
with the exception of the end members of the series Co-goethite and
Mn-goethite, a quasi-linear dependence between b Bhf N and χ′Co-goe
was clear in SeriesI (Co +Mn) (Fig. 9), indicating increasing b Bhf N with
increasing Co-incorporation.

he case of sample SI–Co12Mn0 (χCo-goe = 7.4) Krehula and Musić
(2008) have reported a hyperfine field value of 29 T for a Co-goethite
with an approximate cobalt content (χCo-goe = 6.98). The value obtain-
ed in this work (21.5 T) is markedly lower and could be ascribed to the



Fig. 9. bBhfN vs.Co-content in the formed goethites for SeriesI ( ) and SeriesII ( ) samples.
Dotted lines are only a guide to the eye.
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small particle size of the sample that results in a high specific surface
area (109.45 ± 1 m2 g−1). The presence of these small particles was
reflected in the hyperfine field distribution graphic (Fig. 8) that showed
superparamagnetic contributions at Bhf values less than 7 T.

Regarding sample SI–Co0Mn12 (χMn-goe. = 10.2), we have found
a b Bhf N value of 24.2 T that was also lower than the reported values
(29.4 and 26.9 T) for two samples of Mn-goethites (χMn-goe = 9.09
and 11.1, Krehula andMusić, 2006). The decreased value may be attrib-
uted to differences in particle and crystallite sizes derived from a
completely different sample preparation.

In SeriesII (Co+Al) instead, the effect of the Al incorporation led to a
spectrumwith a similar appearance to the ones produced by small par-
ticles (Ferreira et al., 2003). Furthermore, an increase in the Al content
caused a decrease in bBhfN values that was more pronounced than in
the case of SeriesI with Mn-incorporation (see Fig. 7).

The distributions shown in Fig. 8 revealed a significant superpara-
magnetic contribution at Bhf b 7 T in the Al-containing samples that
was mainly caused by the diamagnetic character of the Al(III) cations,
the presence of which produced an interruption in the superexchange
between the Fe–O–Fe chains – which control the magnetic order – in
the goethite structure. The distribution of particle size also contributed
to this behavior. It is interesting to note that in SII–Co0Al12 there were
two Bhfp values with almost the same probability in the hyperfine field
distribution (Fig. 8 and Table 4). The lower value, ca. 3 T, was consistent
with the shortest needles and the smallest L/W ratio displayed in
Table 3 for this sample.

The linear tendency in these sampleswas not as accurate as in SeriesI
because of the contribution of the Co-ferrite fraction to the spectra in
SII–Co9Al3 and SII–Co6Al6 (see for example the enlarged spectrum of
SII–Co9Al3 in Fig. 10).
Fig. 10. Cobalt ferrite contribution in SII–Co9Al3 sample Mössbauer spectrum.
Literature data indicate that the cobalt ferriteMössbauer spectrum is
usually fitted by the superposition of several sextets (Ferreira et al.,
2003). However in the present work, as it represents a minor contribu-
tion, for the sake of simplicity it was fitted with only one broad sextet
with a hyperfine field near 47 T, confirming that the spinel phase deter-
mined by XRD analysis corresponds to Co-ferrite.

The dissimilar Bhf value encountered for the tri-substituted sample,
Co4Al4Mn4 (see Fig. 9) may be attributed to the concomitant action of
Mn and Al, without discarding particle size effects.
4. Conclusions

The transformation of ferrihydrite to goethite in a basicmedium, and
in the simultaneous presence of cations that are associatedwith iron ox-
ides in soils and sediments (Co(II) + Mn(II), Co(II) + Al(III), Co(II) +
Mn(II) + Al(III)) produced bi- and tri-substituted goethites with vari-
able structural, surface and hyperfine properties. No synergetic or an-
tagonistic effects have been detected, and prior to incorporation, and
the manganese and cobalt ions were oxidized to their Me(III) form.

The specific surface areas and the particle sizes were greatly influ-
enced by the foreign cations incorporation, and an increase in Co-
content determined increased SSA values and decreased particle sizes.
As these changes are closely related to the chemical reactivity of the
substituted goethites, enhancing or retarding its dissolution behavior,
the reported results lead to a better understanding of the fate and trans-
port of these cations near a water-solid interface. The reported SSA is
also a relevant data that will contribute to elucidate the role played by
multi-substituted goethites in remediation processes where a large
SSA value is desirable for a greater adsorption capacity of contaminants.
In contrast, the bi-substitution did not alter noticeably the IEP values of
pure goethite, suggesting that the incorporation of Co +Mn or Co+ Al
did not play an important role in changing the surface charge character-
istics, and consequently the adsorption properties of the solid.

The Mössbauer spectra of the multi-substituted samples, showing a
broadening of the spectral lines and a deviation from the ideal intensity
ratio 3:2:1:1:2:3, and the lowering in bBhfNwhen the Co-content in the
goethite is decreased, are hyperfine properties that may help in the
analyses of natural substituted samples.
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