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Abstract Goethite (a-FeOOH) is one of the most abundant
minerals on the Earth surface, occurring in temperate,
tropical and equatorial climates. Fe in goethite can be
substituted by many cations such as Al, Ni for instance. A
large amount of research has been conducted on the effect
of varying elemental compositions (mainly Al-content) on
the spectral features of goethites with most of the studies
based on materials synthesized with different elemental
ratios. The different elemental ratios, however, may not
only affect the composition of the products but also their
crystallinity and/or particle size and shape. Both parame-
ters are known to affect results of both X-ray diffraction
(XRD) and infrared spectroscopy (IR). These methods are
predominantely used to characterize goethites. In the pre-
sent study, therefore, a significant set of natural goethites
was considered in order to investigate the effect of ele-
mental composition on XRD and IR results. The focus was
on crystallised samples which had a limited chemical
variability but artefacts caused by the presence of admix-
tures could be excluded in most cases. First of all Rietveld
refinement was optimized based on varying different
parameters. A fairly good correlation of Rietveld derived
crystallite sizes and specific surface area determined by N,-
adsorption (SSA) was found which proves the importance
of considering the crystallite size parameters for Rietveld
refinement and at the same times proves the quality of it.
Using IR spectroscopy yet published relations of band
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position and Al-content could be confirmed despite the fact
that the range of Al-contents was small. However, the band
position of the Fe—O stretching, previously used as proxy
for crystallinity assessment, was found to be least variable
hence contradicting yet published results. Controversial
results were also published for the effect of the Al-content
on the position of the asymmetric FeOH stretching band at
450 cm™'. The goethites investigated in the present study
indicate that the crystallite size determines the band posi-
tion rather than the Al-content which is at least valid for the
limited range of Al-contents. The results of the present
study indicate that using synthetic sample sets bears the
problem that more than one parameter might show sys-
tematic differences (e.g. crystallite size in a set of chemi-
cally varied goethites). The paper, therefore, provides IR
reference data based on a set of natural well crystallised
goethites.

Keywords Crystallinity - Goethite - IR-spectrometry - X-
ray diffraction - XRD rietveld refinement - Characterization

1 Introduction

The chemical formula for the mineral goethite is o-
FeOOH. Goethites are synthetically produced and used as
pigments e.g. in paints for which they were already used in
ancient times (Rose 2016). Natural goethites are important
in geoscience not only because they are one of the most
abundant phases in soils and weathered rocks but also
because of their reactive surface area and potential to
immobilize heavy metals such as Cr, V, Ni, Co (amongst
others). Microbial activity in soils may reduce iron and
transform iron oxide phases including magnetite (Fass-
binder et al. 1990) and goethite coated with natural organic



Acta Geochim (2022) 41(5):794-810

795

matter (Poggenburg et al. 2018). In soil environments, iron
oxyhydroxides are known to stabilize organic matter (OM)
under oxic conditions (e.g. Mikutta et al. 2006) preventing
release of CO, in the atmosphere. Such iron oxyhydroxides
may possibly have protected relicts of microbial commu-
nities in Martian subsurface beneath the oxidized zone
(Wickramarathna et al. 2021).

Most (mineral) phases can accommodate minor amounts
of trace elements in their structure (Goldschmidt 1926)
leading to a certain “phase width” (range of composition
of a phase without significantly affecting its crystal struc-
ture). Goethites are special among minerals because they
can accommodate particularly large amounts of cations
other than Fe in their lattice. The Fe of goethites can be
substituted by Al, Cd, Co, Cu, Ge, Mn, Ni, Pb, Ti, V, Zn,
and Sc (Krehula and Musi¢ 2008; Manceau et al. 2000;
Martin et al. 1997; Singh et al. 2002; Levard et al. 2018).
Goethites also vary with respect to their particle (crystal-
lite) size, crystallinity (degree of structural order), and
morphology. All these variables (composition, size, mor-
phology) may affect infrared (IR) spectra and X-ray
diffraction (XRD) pattern. Natural goethites (e.g. (Norrish
and Taylor 1961)) were investigated as well as synthetic
ones (e.g. Ruan et al. 2002). The advantage of investigating
synthetic goethites is that single parameters such as Al-
content can be controlled. However, because of the smaller
diameter of the Al atom the crystallinity will also be
affected by increasing the Al-content. It is, therefore, dif-
ficult to fix all relevant parameters even in a series of
synthetic samples. A compilation of IR data of natural and
synthetic goethites is given in Table 1.

“Crystallinity”—describing the degree of structural
order of a lattice—and particle size are often related and
difficult to distinguish. Larger crystals commonly exhibit a
higher degree of structural order which, however, is not
necessarily the case. A systematic study about the effect of
crystallinity on the IR data of goethites was provided by
Cambier (1986a, b). He used the specific surface area
(SSA) determined by nitrogen adsorption (BET specific
surface area) as measure of the crystallinity. His samples
varied with respect to the SSA from 13-150 m? g~! which
corresponds to the range of SSA values of natural samples.
High SSA values are explained both by microporosity and
small particle size. In case of goethite one may suspect the
existence of some ferrihydrite admixtures which would
also increase the SSA (microporosity). The parameter
“oxalate extractable Fe” can be used to ensure that sig-
nificant ferrihydrite contents were absent. Cambier
(1986a, b) showed that the position of the OH stretching
bands decreased whereas the position of the OH bending
bands slightly increased with increasing crystallinity. The
Fe—O band at 400 cm™" was not affected by crystallinity
changes. According to Sato et al. (1969) the Fe-O

stretching band at 630 cm ™" is particularly useful to study
goethite crystallinity.

Cambier (1986a, b) recognized that the Fe—O stretching
band at 630 cm™' (approximately parallel to the a-axis)
and the Fe—OH stretching band at 400 cm™' (approxi-
mately parallel to the c-axis) are affected by the particle
shape. As long as the particle elongation remains parallel to
the c-axis, the band at 400 cm_l, however, will be
unaffected.

The particle size was found to affect both the colour of
the goethite and the band intensities (Scheinost et al. 1999)
rather than their band positions. For soil goethites, Norrish
and Taylor (1961) found that the Al-content increases with
decreasing particle size. The parameters particle size and
Al-content, therefore, can be related and at least in this
sample set correlated with crystallinity as well. Notably,
crystallinity can be understood as the size of the coherent
scattering domains. A particle, on the other hand, may
consist of several coherent scattering domains.

A lot of studies were conducted on the effect of Al-
substitution on the IR spectra of goethites probably because
the effect of isomorphic substitution on the band positions
is more significant compared to crystallinity or particle
morphology. Increasing Al-content generally leads to a
shift of the band positions to higher values (with few
exceptions). Ruan et al. (2002) state that the band shift of
goethite bands caused by Al-substitution corresponds to
small changes in the lattice parameters. They also found
that increasing Al-substitution leads to a larger amount of
non-stochiometric hydroxyl stretching bands. Hazemann
et al. (1992) based on (Thiel 1963; Schulze 1984; Schulze
and Schwertmann 1984, 1987) explained the reason for the
shift by the differences of the ionic radii of APP* (0.53 A)
and Fe** (0.64 A). Isomorphic substitution hence causes
“variations in unit cell parameters and structural disorders
at high substitution rate”. According to Scheinost et al.
(1999) the increasing mismatch of both types of octahedra
(Al and Fe) leads to a maximum of Al-substitution in
goethites of about 30%. Schulze (1984) showed that the
unit cell parameters ¢ and b of Al substituted goethites are
well correlated with the Al-content (decrease with
increasing Al content up to 30%). The a-axis in contrast
was found to be variable. According to Mendelovici et al.
(1979) the Fe—O band shifts up to 460 cm~! due to Al
substitution causing H bond weakening. According to
Jonas and Solymar (1970) and Fysch and Fredericks (1983)
band shifts caused by isomorphous Al-substitution can be
best observed considering bending bands (e.g. the
900 cm ™! band, Fysch and Fredericks 1983).

Most studies about the effect of Al-substitution on the
IR spectra of goethite provide consistent results. Contro-
versial results, however, were found for Blanch et al.
(2008) and Ruan et al. (2002). These results are marked in
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Table 1. According to Ruan et al. (2002), all band positions
increased with increasing Al-content except for the Fe—O
stretching which decreased from Al-poor goethite
(619 cm™") down to 584 cm™ ' in case of 30% Al-substi-
tution. In contrast, Blanch et al. (2008) reported increasing
band position of the Fe—O stretching from 633 cm™" up to
647 cm~! with increasing Al-substitution (0—10 mol%).
Interestingly Blanch et al. (2008) also found one band with
a decreasing band position caused by increasing Al-con-
tent. They showed that the Fe(3)-OH band position
decreased from 450 down to 435 cm ™" with increasing Al-
content while Ruan et al. (2002) showed the opposite (see
Table 1). Blanch et al. (2008) suspected these differences
to result either from different sample preparation, decon-
volution procedure, and/or adsorbed water.

Interestingly, most studies on the effect of isomorphic
substitution on the IR spectra of goethites focus on Al only.
However, as explained above, many more cations can be
incorporated in the goethite structure by isomorphous
substitution of Fe atoms. Martin et al. (1997), Manceau
et al. (2000), and Sileo et al. (2004) carried out extended
X-ray absorption fine structure (EXAFS) and X-ray
absorption near edge spectroscopy (XANES) considering
different cations but did not provide IR data. In these
studies the coordination of the different trace elements in
goethites is disclosed which may help to understand the IR
data of different goethites. Manceau et al. (2000), however,
pointed out that in their study not all trace elements sub-
stituted Fe atoms in the goethite structure (= isomorphous
substitution) of their sample. They identified “no more than
~20 % of the amounts of Mn and Co in natural goethite
substitute for Fe in the structure”.

Fysch and Fredericks (1983) found that the band shifts
differ for hydrothermal and low-temperature goethites. The
low-T goethites showed a more pronounced band shift of
the OH bending vibration at 900 cm™'. Morterra et al.
(1984) distinguished pigment type goethites with N,-BET-
surface areas ranging from 10-25 m* g~! from high surface
microporous goethites.

Apart from shifts of the band positions also the relative
intensities of the bands can vary which was explained by
different orientations of the particles (Morterra et al. 1984).

Most studies conducted on the IR spectra of goethites
either focused on a few samples or on a set of synthetically
varied samples. Often the goethite—hematite series was
studied (Ruan et al. 2002; Rochester and Topham 1979;
Hakeem et al. 1986; Rabie and Balkees 1986; Kustova
et al. 1992) based on heat treatment, which was not the aim
of the study. The focus for sample collection was on
crystallised goethites. The advantage of such samples is
that low crystallised phases are largely absent and difficult
to detect admixtures such as ferrihydrite and/or amorphous
Fe-oxyhydroxides would not affect the results. On the other

hand, the compositional variability of such crystallised
goethites was thought to be lower compared to soil or
laterite goethites which would lead to less significant cor-
relations of composition and IR/XRD parameters. Princi-
pally, one can either collect a set of significantly variable
goethite samples of questionable purity or focus on the
more crystallised materials. Using synthetic materials bears
the problem of (i) the possible existence of amorphous or
low crystallised admixtures and (ii) unwanted variation of
parameters other than composition in a sample set such as
crystallinity and/or crystallite size. In the present study
natural but apparently crystallised goethites were collected
because they were considered to represent natural materials
and natural variability and the expected trends can proba-
bly be extrapolated because they are based on structural
effects.

The aim of the present study was to first collect a sig-
nificant set of natural goethite samples, characterize them
(IR, XRF, N,-BET, XRD), and compare the analytical
results considering the chemical variability with yet pub-
lished data. Apart from investigating yet published con-
tradictory results (see Table 1) the present study is also
thought to provide comprehensive data on a significant set
of natural crystallised goethites.

2 Materials and methods

Twenty eight natural goethite samples which apparently
did not contain admixtures were collected. Samples were
taken from the BGR mineral collection (both bought from
mineral traders and collected in the frame of projects) and
BGR reference material sample base (“S-samples”). The
samples were crushed and ground using a rotating disc mill
and analyzed with respect to the chemical composition by
XRF (PANalytical Zetium spectrometer; ALMELO, The
Netherlands). Samples were prepared by mixing with a flux
material (lithium metaborate Spectroflux, Flux No. 100A,
Alfa Aesar) and melting into glass beads. The beads were
analyzed by wavelength-dispersive XRF. To determine
loss on ignition (LOI), 1000 mg of sample material were
heated to 1030 °C for 10 min including a ramp at 700 °C.

For XRD Rietveld analysis the crushed samples were
ground by a McCrone mill using ethanol. XRD patterns
were recorded using a PANalytical X’Pert PRO MPD ®-©
diffractometer (Co-K, radiation generated at 40 kV and
40 mA), equipped with a variable divergence slit (20 mm
irradiated length), primary and secondary soller, diffracted
beam monochromator, point detector, and a sample chan-
ger (sample diameter 28 mm). The samples were investi-
gated from 1° to 75° 2@ with a step size of 0.03° 2@ and a
measuring time of 12 s per step. For specimen preparation
the back loading technique was used. Rietveld refinement
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of the experimental XRD data was conducted using the
software Profex/BGMN (Kustova et al. 1992; Bergmann
et al. 1998). This software uses a fundamental parameter
approach. This allows to differentiate the instrument
depending peak broadening and the sample depending peak
broadening. As a consequence refinement of crystallite
sizes was possible.

The structural model used for the Rietveld refinements
of the goethties was based on (Harrison et al. 1975). The
lattice parameters a, b and ¢ were refined within a rea-
sonable range of £+ 1%. No refinement reached these
constraints. The fundamental parameter approach of the
Rietveld software allows the refinement of anisotropic
crystallite size. No additional lattice strain was refined. No
attempt was made to refine the positions of the atoms in the
unit cell. Only the substitution of Fe (occFe) by Al (occAl)
was refined as occFe = 1-occAl starting with occAl = 0
between zero and one.

All other minerals were refined using the standard
models of the Rietveld software. In some cases small
proportions of admixtures like e.g. kaolinite, as indicated
by IR, could not be detected by XRD and therefore were
ignored. These admixtures are declared in Table 2.

For measuring mid infrared (MIR) spectra the KBr
pellet technique (1 mg sample/200 mg KBr) was applied.
Spectra were collected on a Thermo Nicolet Nexus FTIR
spectrometer (MIR beam splitter: KBr, detector DTGS
TEC). The resolution was adjusted to 2 cm™'. Measure-
ments were conducted before and after drying of the pellets
at 150 °C in a vacuum oven for 24 h. The OH-bands of
unheated pellets are dominated by adsorbed water masking
the structural OH bands which are more specific for min-
erals. Therefore, the spectra of heated pellets were pre-
ferred for characterization of the samples. Drying at 150 °C
is not believed to affect the goethite structure. The IR
spectrometer was built by Nicolet Instruments, Madison,
Verona Road, Wisconsin, USA. The band maxima were
determined based on the maximum value of absorption
rather than a gravimetrical center or similar algorithms to
determine peak maxima.

SSA was determined by N, adsorption using a five point
BET method. Measurements were performed by a
Micromeritics (Norcross/Georgia) Gemini III 2375 surface
area analyzer with ca. 300 mg weight. Powders were
degassed at 150 °C for 24 h under vacuum. Heating is
performed in order to “clean” the surface, i.e. remove
adsorbed gas and water molecules. Sites which are blocked
before starting N, adsorption will not be recognized. Dif-
ferent “cleaning” procedures are used (varying T and t
including or excluding low pressure) which slightly affects
the values. Comparing different samples it is, therefore,
important to keep the sample preparation constant.

@ Springer

3 Results and discussion
3.1 Basic characterisation

The chemical and mineralogical composition of the sam-
ples quantitatively investigated by XRD and qualitatively
by IR is given in Table 2.

The Al,O3 content of the samples ranged from O to 8.5
mass% but the high Al-values of samples S038 and S342
resulted from admixtures such as kaolinite or feldspar and
hence could not be attributed to structural Al of the goe-
thites. The Al,O3 content of the pure goethites for which it
could be attributed to structural Al ranged from 0 to 2
mass% which is expectedly lower compared to the syn-
thetic goethites prepared by (Ruan et al. 2002). Also the
Al-content of soil or laterite goethites can be significantly
higher but these samples, as discussed above, are rarely
pure goethites and hence effects of admixtures can hardly
be distinguished. Even the macroscopically pure goethites
used in the present study showed a couple of admixtures.
For 15 samples of the present study a goethite content
of > 97 mass% was found. These samples are particularly
valueable for studying structural and spectral features.
Rietveld refinement indicated the presence of substantial
amounts of hematite with goethite in some samples which
can be either a mixture of separate phases or the existence
of hematite domains within in the structure (e.g. caused by
partial dehydroxylation).

The trace elemental concentrations mostly were not
highly correlated with each other. A fairly good correla-
tion, however, was observed for Ni and Co which both
were only weakly correlated with Cr and Al. No correlation
was found between Pb and Zn but a weak one was found
for Ba and W. The two samples from Guinea showed the
highest Cr-contents ranging from 0.5 to 1.3 mass%. Three
samples showed As-contents above 0.1 mass% and three
others showed Cu-contents above 0.1 mass%. The latter
three also contained high amounts of Pb but other samples
in turn showed high Pb-contents and low Cu- contents.
Two samples showed Zn-contents in the %-range, other
trace elements were less relevant.

3.2 IR spectroscopy

The spectra of the 15 most pure samples (all > 97 mass%
goethite) are shown in Fig. 1 and the distributions of the
positions of the main goethite bands of all samples are
shown in Fig. 2.

The OH-stretching vibration was reported to range from
3100 to 3230 cm™'. The 28 different goethites showed a
broad distribution of band positions between 3120 and
3160 cm ™. The average value of all samples is 3143 cm ™"
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BET
7Zn [mz/

Pb

AlLO; Fe,O; MnO LOI As Co Cr Cu Mo

TiOz

XRF
SIOZ

Country

Location

Table 2 continued

Sample
No

@ Springer

[ppm] [ppm]  [ppm] [ppm] [ppm] [ppm] [ppm] g]

[ppm]

[mass
%

[mass%]

11

335

16 56 248

41

13 55

39 66 0.6

0.1

Spain

Caldes de

S 342

Malavella,
Girona
Lautenthal,

17

67

97

27

1.2 12

78

0.1

9.1

Germany

S 532

Lindthal,

Friederike
LoBberg-West,

36

20

28

14

0.7

79

5.7

Germany

S 537

Schwarzwald

15

45

110

119

44

12

0.4

80

6.7

Germany

Innerstetalsperre,

S 538
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which corresponds well with the sample of highest crys-
tallinity reported by Cambier 1986b) and with the upper
limit of the range reported by (Marel and Beutelspacher
1976). The band shape of all samples is similar (Fig. 1
left). Differences were observed at about 3400 cm ™'
where a few samples exhibited a shoulder (S034, S179,
S374). This shoulder, which is significantly reduced upon
drying at 150 °C in a vacuum oven, is supposed to result
from water strongly bound to micropores (either of goe-
thite or even caused by small ferrihydrite admixtures
although ferrihydrite is rarely found in natural goethites).
Based on a set of synthetic samples (Houben and Kaufhold
2011) showed that the ratio of the 34103140 cm ™' bands
in a ferrihydrite-goethite series correlated well with the
ferrihydrite content and the specific surface area, respec-
tively. Consequently, this shoulder could correspond to
ferrihydrite as admixture or even as domains within the
goethite structure. However, samples which showed this
shoulder did not show higher surface area values (which
corresponds to microporosity).

The bands between 1000 and 2000 cm ™' are weak and
hence rarely discussed in literature. Moreover, they are
known to strongly depend on drying and sample prepara-
tion (Morterra et al. 1984). Goethite, as an anhydrous
oxyhydroxide, should not show any bands in this region
resulting from lattice vibrations. These bands more likely
represent water bound to the surface or micropores. In the
spectra recorded before drying at 150 °C in a vacuum oven
the OH—bending mode of molecular water (ca.
1630 cm™") dominated in this range and expectedly
decreased after drying. The remaining intensity around
1640 cm™!, therefore, was attributed to a combination
mode of the bands around 900-800 cm ™' (Schulze 1984)
rather than molecular water. The least intense band of most
pure samples in this region was centered at about
1760 cm™!. Morterra et al. (1984) attributed this band to
an overtone of the band near 900 cm ™. Its band position,
therefore, depends on the band position of the band near
900 cm™ . Interestingly the most pronounced intensity in
the range from 1000 to 2000 cm™' was found at about
1510 cm™". This band is hardly described in literature and
hence could not be assigned unambiguously. Morterra
et al. (Hazemann et al. 1992) (Fig. 3) showed a spectrum
in which this band appeared after 200 °C heat treatment
but it was not discussed further. Interestingly, this band
was not observed by these authors after using a different
sample preparing technique (film) despite heating to
200 °C. In the present study this band was observed for
almost all pure samples, except for S034 and S374 and
only weak intensity was found for S533 and S343. Notably
the band was only observed in the spectra collected after
drying at 150 °C in a vacuum oven (standard routine in the
present study) which means that structural changes may
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have occurred in some samples which led to the appearance
of this band. No other significant band shifts or intensity
ratio changes were observed upon drying which suggests
that this band is not a combination of e.g. the 900 and
630 cm™! bands, because such a band would have been
observable before drying. Interestingly this band is also
observed for some hematites but not for all. Based on the
present sample set it was not possible to unambiguously
explain this band. The bands between 1000 and 2000 cm ™"
are not investigated further because of their weak intensity
and because as combination or overtone they do not pro-
vide more information compared with the primary
vibrations.

The in-plane OH deformation band around 900 cm™
was mostly located around 894 cm™'. The out of plane
vibration was around 797 cm™' with only few exceptions
showing larger band positions. Both average values are in
good agreement with the ranges summarized in Table 1.

The Fe-O stretching band showed a sharp distribution
around 610 cm ™' which is lower compared to most of the
reported values (Table 1). The Fe—-OH stretching bands
were found at 450 and 410 cm™"' which corresponds well
to most of the published values. The 450 cm™' band
positions showed a sharp distribution whereas the
410 cm ™' maxima were more variable.

Spectral differences generally do not only concern band
positions but also relative intensities. The relative intensi-
ties of the bands > 500 cm ™", including the intensity of the
shoulder at 680 cm™' compared to the intensity of the
610 cm™! band, were similar. The ratio of the 450 and
410 cm~! bands, however, were significantly different.
Most samples showed a dominating 410 cm ™' band and a
shoulder at 450 cm™' but some samples showed more or
less similar intensity (S019, S034, S313, S537). Sample

1

—S019 S034

1510

S374 even showed a more intense 450 cm ™' band resulting
in a shoulder at 410 cm™"'. The main bands of hematite are
at 550 and 460 cm™'. The presence of some hematite
would, therefore, explain higher intensity at around
450 cm™!' but the even more intense band at 550 cm™'
should be observable which was not the case for any of the
pure samples. The varying intensity ratio, therefore, cannot
be explained by hematite or hematitic domains. However, a
correlation of both bands with SSA was observed which is
discussed later.

3.3 Geochemical effect on band position

The band positions were compared with the trace elemental
composition and the resulting regression coefficients are
listed in Table 3. Positive relations (increasing x corre-
sponds to increasing y) were marked by “ 4+ ” and nega-
tive ones (increasing x corresponds to decreasing y) by “—
”. Regression coefficients which apparently result from
few particularly high values are given in brackets.

Ruan et al. (2002) reported increasing band positions of
the OH-stretching band around 3140 cm™" with increasing
Al-content. This relation could not be confirmed in the
present study possibly because of much lower Al-contents
of the goethites. Instead a slight dependency of the band
position on the LOI value was found (Fig. 4a). At the same
time a correlation of the band position and SSA was found.
Both can probably be explained by water bound to
micropores which would provide intensity around
3400 cm ™' and hence slightly shift the maximum and at
the same time increase the LOI. This data suggests that the
increase of the band position with increasing Al-content
reported by Ruan et al. (2002) could be explained by dif-
ferent microporosity (or crystallinity) of the different

5034 —S092 5178 410

—S01
5019 450 (sh)

—S§179 —S313 —S337 —S343
S374 —S380 —S533 - S534
§535 —S537 -~ S538

680 (sh) 610

N=—H

[a.u.]

>
D

3600 3400 3200 3000 2800 2600 2400 1800 1500
wavenumber [cm™] wavenumber [cm™]

Fig. 1 MIR spectra of 15 natural goethite samples (purity > 97%)

1200 1000 900 800 700 600 500 400

wavenumber [cm™1]
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synthetic samples which then would indicate increasing
microporosity of the synthetic samples with increasing Al-
content.

The OH-bending band position (1645 cm™") showed a
negative correlation with the LOI (Fig. 4b) which cannot
be explained yet. The correlation of this band position with
the Fe-content suggests that it is affected by the purity of
the sample (presence of trace phases).

Significant effects of the Al-content on the band posi-
tions < 1000 cm™' were reported by Ruan et al. (2002)
and Blanch et al. (2008) (Table 1). Data presented in the
present study confirms most of these trends but not all of
them. The 900 cm ™' band increases as Al increases which
is in agreement with Ruan et al. (2002). In addition to Al,
Cr has a similar effect (Fig. 4c). With increasing Cr-con-
tent a shift of the band to higher wave numbers was
observed. The same holds true for the 800 cm™' band
which was also observed before (Table 1). No trend was
observed for the 610 cm™' band in the present study and
different trends were reported by Ruan et al. (2002) and
Blanch et al. (2008). This result suggests that the opposing
trends published by these authors did not result from
varying Al-contents but from other parameters such as
crystallinity (as suggested by (Sato et al. 1969)) which
were probably indirectly affected by preparing synthetic
samples with different Al-content. On the other hand, the
positive Cr-correlation is based on two samples only
(S109). This sample contains 2.0 mass% MnO (XRF) that
may also be related to Cr in an unknown phase (compare

@ Springer

(Singh et al. 2002)) who point out that “transition metals
such as Cr, Mn and Ni may sorb onto goethite by forming
surface precipitates, surface complexes or by replacing
Fe*' in the goethite structure.”. In the sample set used in
the present study the band position distribution of the
610 cm ™' band was sharper compared to the others and no
correlations with any other parameter were observed which
indicates that this band position is less affected by chemical
variations compared to the others. Also for the 450 cm™"
band/shoulder different trends were reported (Table 1). The
sample set of the present study apparently confirmed the
positive relation of the 450 cm ™' band position and the Al-
content published by (Ruan et al. 2002) (Fig. 4d) but the
trend mainly results from two samples (S038, S342) con-
taining accessories such as smectite and feldspar. The
450 cm™!' can be affected by accessories such as Al-hy-
droxides and Al-silicates and hence must be treated with
care. Data presented in Fig. 4d neither confirms Ruan et al.
(2002) nor Blanch et al. (2008) because no clear trend was
observed.

3.4 XRD

The parameters describing the structural features of the
goethites derived from XRD are summarized in Table 4.
Rietveld refinement generally allows to refine a huge set of
different parameters. Commonly as many as possible of
these parameters are fixed in order to increase the signifi-
cance of the results. In order to find out which parameters
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Fig. 3 Correlations of XRD
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can be reasonably fixed and which can be used to better
describe the XRD results (and hence improve the quality of
the Rietveld refinement), different refinements with dif-
ferent sets of parameters are used and the resulting
“goodness of fits” are used to assess the quality of the
different refinements. As an example, the occupation of
lattice positions by Al was included in the Rietveld
refinement but the results did not result in reasonable val-
ues (which, e.g. could be compared with the chemical
analysis). This may be different in case of samples with
higher degree of isomorphic substitution. Linear relation-
ships of the lattice parameters to the substitution of Fe by

wavenumber [cm™']

Al, as described in Schulze (1984), confirm that the sam-
ples contain nearly no structural Al in the goethites.
Variation of the lengths of the axes was small and
therefore no significant relation was found with other XRD
or IR derived parameters. These variations could possibly
be explained by lattice stress but this parameter could not
reasonably be refined by Rietveld refinement. The best but
still weak trend was observed for the length of the b-axis
and the band position of the 3140 cm ™" band but this trend
mostly results from one sample only (S038) and hence is
not considered to be significant (not shown). Notably,
sample S374 contains two different goethites (with slightly
different peak positions) for which no reasonable data

@ Springer
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Table 3 Regression

3140 [em™'] 1645 [cm™'] 900 [cm™'] 800 [cm™'] 610 [cm™'] 450 [cm™'] 410 [cm™]

coefficients of the band position
and the trace elemental Si 0.1 0.2 0 0.1 0 0 0.1
composition Ti 0 0.2 03 +) 0.1 0 0.2 03 +)

Al 0 0.2 03 +) 0 0 03 +) 03 +)

Fe 0.1 04 + 0.1 0 0 0 0

Mn 0.1 0 0 0 0 0 0

Mg O 0.1 0 0 0 0 0

P 0.1 0.1 0 0 0 0.1 0

LOI 04 + 0.3 - 0 0 0 0.1 0

As 0 0 0.1 0 0 0 0

Ba 0 0 0 0 0 0 0

Co O 0.1 0.1 0.1 0.1 0 0.1

Cr 0 0 02 +) 03 + 0.1 0.2 0

Cu O 0.1 0 0 0.1 0 0

Mo O 0 0.1 0 0 0 0

Ni 0 0.1 0.1 0.1 0.1 0 0.1

Pb 0 0 0 0 0 0.1 0

w 0 0 0 0 0 0 0

Zn 0 0.1 0 0 0 0 0

BET 0.3 + 0.2 0 0.1 0 0.3 + 04 +

+ positive correl. (+ WN = + content), — = negative corr., brackets = correl. based on few samples

only

Bold: most significant regressions

could be obtained from Rietveld refinement. The fact that
quite constant values for the lengths of the axes were found
does not indicate that this is necessarily true but it does
indicate that other parameters, i.e. crystallite size, deter-
mine the variability of the XRD patterns.

Weak trends were observed for the crystallite size with
band positions of the 450 and 3140 cm ™' bands (Fig. 3a, b,
e, f). The crystallite size, resulting from Rietveld refine-
ment, representing the dimension of the coherent scattering
domain (not the particle size), also could be related to the
specific surface area (SSA). Particularly the lengths of the
crystallites in a and c direction (Fig. 3c, d) showed a good
correlation with SSA. The SSA of soil and synthetic goe-
thites often results from microporosity (including ferrihy-
drite admixtures, Houben and Kaufhold (2011)). The data
shown in Fig. 3c, d, however, suggests that the SSA is
actually determined by the crystallite size. The red curves
in Fig. 3c, d represent SSA values calculated based on the
crystallite sizes assuming a density of 4.27 g cm™ and
cubic shape of the (theorectical) particles. The good cor-
relation of crystallite size and SSA and the similarity with
calculated values (red curves) indicates that the Rietveld
refinement yielded reasonable values. Interestingly lower
SSA values were measured compared to the calculated
SSA. This indicates that microporosity which in the ferri-
hydrite—goethite series determines SSA is low in these
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samples because microporosity would increase the SSA. At
the same time the lower measured values indicate that N,
could not enter between all crystallites (defined as the
coherent scattering units). The fact that lower values were
measured compared to the calculated ones, therefore, can
be explained by the existence of particles consisting of
several crystallites not allowing nitrogen to enter.

Sato et al. (1969) concluded that the band at 610 cmlis
particularly useful to study the crystallinity of the goethite
but neither a correlation with SSA nor with crystallo-
graphic parameters of this band was found.

4 Conclusion

The samples investigated in the present study did not cover
the entire range of chemical compositions of natural goe-
thites but the advantage of these samples was that they did
not contain accessories affecting either XRD or IR results.
Accordingly yet published ambiguous results could be
explained based on the findings of the present study.

Also Rietveld refinement was optimized based on
comparing the different results. Commonly Rietveld results
derived from refinements using different parameters are
assessed based on the “goodness of fit”. In the present
study a fairly good correlation of the crystallite size and the
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specific surface area was found. This is remarkable because
N,-adsorption—being completely independent from
XRD—indicated the significance of the refined crystallite
sizes and hence proved that it is important to include them
to improve Rietveld refinement of (crystallised) goethites.
The good correlation of SSA and refined crystallite sizes
proves that (i) the refinement yielded reasonable and sig-
nificant values and (ii) that the content of possibly existing
microporous admixtures such as ferrihydrite or amorphous
Fe-oxyhydroxides was low and hence could not affect the
trends identified in the present study.

Contradictory results were published for the effect of the
Al-content on the position of the band at 450 cm™'

s

(Blanch et al. 2008): decrease; (Ruan et al. 2002): increase

specific surface area [m?/g]

with increasing Al. The goethites investigated in the pre-
sent study neither confirmed the trend published by (Ruan
et al. 2002) nor by (Blanch et al. 2008) which could result
from the limited chemical variability of the samples.
However, a good correlation of the 450 cm™ ! band with the
crystallite size was found. The ambiguous results published
by (Ruan et al. 2002) and (Blanch et al. 2008) hence can be
explained by differently varying crystallite sizes in their
sample sets.

The band position of the band at 610 cm ™" was reported
to depend on the Al-content, (Blanch et al. 2008): increase;
(Ruan et al. 2002): decrease, and (Sato et al. 1969) reported
that this band can be used to assess the crystallinity of the
goethites. In the present study this band proved to be least
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Table 4 Crystallographic and Lattice parameter

Cryst. size

morphological data derived

from XRD Rietveld refinement a-axis b-axis c-axis c-direction a-direction b-direction

[nm] [nm] [nm] [nm] [nm] [nm]
S 019 0.996 0.302 0.460 15.4 19.6 26.0
S 034 0.996 0.302 0.460 47.8 54.2 41.6
S 038 0.991 0.300 0.459 8.5 12.1 15.7
S 092 0.996 0.302 0.461 14.8 16.5 23.7
S 179 0.996 0.302 0.461 229 33.6 33.6
S 249 0.995 0.302 0.460 50.0 73.7 72.1
S 313 0.996 0.302 0.461 14.1 21.3 39.1
S 314 0.998 0.303 0.462 18.3 15.4 259
S 315 0.999 0.303 0.463 13.8 13.6 21.6
S 335 0.997 0.303 0.462 17.3 29.0 39.0
S 337 0.995 0.302 0.461 23.8 32.1 30.0
S 340 0.996 0.302 0.461 39.4 50.2 57.6
S 342 0.996 0.302 0.462 20.4 253 24.9
S 343 0.995 0.302 0.461 31.8 49.5 44.0
S 344 0.996 0.302 0.461 26.0 25.3 24.6
S 352 0.995 0.302 0.461 254 20.5 222
S 353 0.997 0.302 0.462 14.8 14.1 28.2
S 355 0.995 0.302 0.461 21.8 26.0 30.9
S 374 0.994 0.303 0.461 118.0 98.0 37.6
S 380 0.996 0.302 0.462 23.9 324 38.1
S 497 1.001 0.303 0.463 14.0 7.6 13.2
S 532 0.996 0.302 0.461 22.7 29.8 30.1
S 533 0.995 0.302 0.461 26.2 26.8 28.9
S 534 0.996 0.302 0.461 214 23.7 30.1
S 535 0.995 0.303 0.461 22.7 36.0 32.8
S 537 0.999 0.303 0.463 14.5 14.9 224
S 538 0.996 0.302 0.461 18.9 27.2 29.5

variable, neither depending on chemical composition nor
on structural parameters (including specific surface area)
which can possibly be explained by the relatively low
degree of Al substitution of the samples compared with
other synthetic and soil goethites studied before.

The OH stretching band near 3100 cm ™' showed rela-
tions with the LOI, specific surface area, and the crystallite
size. The relations of the band position with LOI and sur-
face area could be explained by the amount of micropores
which would affect the specific surface area and provide
some IR intensity at 3400 cm ™' hence causing a slight shift
towards higher wavenumbers. This explanation, however,
remains unlikely because SSA was determined by crys-
tallite size and the samples were low in microporosity. The
OH stretching band is related to the crystallite size
although the reason for this relation could not be identified.

The results of the present study indicate that using
synthetic sample sets bears the problem that more than one

@ Springer

parameter might show systematic differences (e.g. crys-
tallite size in a set of chemically varied goethites). The
paper, therefore, provides IR reference data based on a set
of natural well crystallised goethites.
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