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Abstract—Seven Al-containing lepidocrocite samples, y-Fe, Al OOH, prepared from FeCl/AI(NO;),
solutions with initial Al/(Al + Fe) mole ratios C; of 0.0025, 0.01, 0.025, 0.05, 0.075, 0.10 and 0.15 mol/
mol, were examined by means of M&ssbauer spectroscopy at room temperature (RT) and at various
temperatures in the range of 8 to 80 K. The spectra at RT and 80°K consist of broadened quadrupole
doublets and were analyzed in terms of a single doublet and of a model-independent quadrupole-splitting
distribution, the latter yielding the best fit. The observed variations of the quadrupole-splitting parameters
with increasing C; are inconclusive as to whether the Al cations are substituting into the structure. The
temperature at which the onset of magnetic ordering is reflected in the spectra, was measured by the
thermoscan method with zero source velocity. A gradual shift from 50 K for C; = 0.0025 mol/mol to 44
K for C; = 0.10 mol/mol was observed for that temperature. As compared to earlier studies of Al-free
v-FeOOH samples with similar morphological characteristics, the fractional doublet area in the mixed
sextet-doublet spectra at 35 K is significantly higher for the present lepidocrocites. This observation is
ascribed to the substitution of Al cations into the lepidocrocite structure. A similar conclusion is inferred
from the variation with C; of the maximum-probability hyperfine field derived from the spectra recorded
at 8 K and fitted with a model-independent hyperfine-field distribution. The magnetic results suggest that
for the sample corresponding to C; = 0.15 mol/mol, not all of the initially present Al has been incorporated

into the structure.
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INTRODUCTION

Some years ago, Schwertmann and Wolska (1990)
concluded from precise X-ray diffraction (XRD) anal-
yses that lepidocrocite, y-FeOOH, can incorporate Al
into its structure, at least up to Al/(Al + Fe) concen-
trations of 0.1 mol/mol. The presence of Al cations
was observed resulting in small, downward shifts in
the unit-cell edge lengths and volume of the host lep-
idocrocite. It was believed that Mdssbauer spectros-
copy of the Al-containing samples should be a useful
technique to confirm that conclusion. To the best of
our knowledge, a systematic Mossbauer study of the
effect of Al upon the relevant hyperfine parameters of
v-FeOOH, has not been reported. Since AP+ is dia-
magnetic, it is to be expected that the magnetic prop-
erties, in particular the magnitude of the magnetic hy-
perfine field, are affected by the substitution, as they
are in other, more common iron oxides and oxyhy-
droxides (Bowen et al. 1993). In this paper, the authors
report the results of such a Mossbauer study. In many
instances, these results will be compared to those ob-
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tained earlier by De Grave et al. (1986) for non-sub-
stituted lepidocrocites (samples P23, L86, L121 and
L147) which exhibit similar morphological character-
istics, and to those presented by Murad and Schwert-
mann (1984) for non-substituted samples, P23 and 22/
568. The latter one has a considerably higher degree
of crystallization.

EXPERIMENTAL

Samples used were prepared by oxidation of FeCl,/
AI(NO,), solutions with Al-to-(Al + Fe) fractions C;
of 0.0025, 0.01, 0.025, 0.05, 0.075, 0.10 and 0.15 mol/
mol, and characterized by Schwertmann and Wolska
(1990). The Al/(Al + Fe) ratios, x, in the final solid
products, designated as +y-Fe,  AlOOH, were deter-
mined analytically from the above prepared samples
as 0.0047, 0.0141, 0.0265, 0.0598, 0.0785, 0.1031 and
0.141 respectively, and are somewhat different from
the initial solution compositions, especially for the
lower ones. The samples are code-named LS02, LS1,
LS2, LS5, LS7, LS10 and LS15. The particle size,
quantified by the mean coherence length along the b-
axis, MCL,, was found to decrease from =27 nm for
LSO02 to =3 nm for LS15. A similar particle size range
of 19-to0-3.5 nm was estimated for the Al-free P and
L samples. Sample 22/568 has MCL, = 66 nm (Murad
and Schwertmann 1984).

Mossbauer spectra (MS) at room temperature (RT)
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Figure 1. Quadrupole splitting AE,, (a) and line width I" (b)

for the lepidocrocite samples at room temperature plotted as
a function of the Al content x in y-Fe, ,AlLOOH. The Mdss-
bauer spectra were fitted with a symmetrical quadrupole dou-
blet. The solid lines are the linear-regression lines.

and at variable temperatures in the range T = 80 K
were obtained with a time-mode spectrometer operat-
ing in the constant-acceleration mode. The data were
collected on 1024 channels. Velocity calibration was
carried out either interferometrically or by using the
MS of standard absorbers. Doublet MS were recorded
in the velocity range =4 mm/s and magnetically split
ones in =12 mm/s. All center-shift values quoted here-
after are with respect to a-Fe at RT. The instrumental
width of the spectrometer was approximately 0.22
mm/s. The temperatures Ty referring to the transition
from a pure doublet spectrum to a spectrum in which
the onset of magnetic ordering is reflected, were de-
termined by the so-called thermo-scan method. This
method measures the y-transmission as a function of
T with the source having zero velocity (Chambaere
and De Grave 1984).

RESULTS AND DISCUSSION

All MS at RT and 80 K are doublets. There is no
indication whatsoever that a goethite-phase impurity
would be present in any of the lepidocrocites. When
fitted with symmetrical, Lorentzian-shaped quadrupole
doublets, the obtained guadrupole splittings AE, and
line widths I" are obseirved to increase with increasing
x. Figure 1 depicts the RT data in that respect. The
correlations derived from the 80 K spectra show the
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Figure 2. Quadrupole-splitting distribution profiles p(AE,)
of the LSO7 Al-lepidocrocite at room temperature and 80 K.
The size of the symbols corresponds to the step (0.05 mm/s)
at which the quadrupole splitting was allowed to vary within
the range 0.0-1.8 mmy/s. The full line in (RT) represents the
superposition of two log-normal distributions adjusted to the
calculated probability values.

same trends, are less smooth and the data for L.S15
are not similar to those for the lower concentrations.
For samples 22/568 and P23, Murad and Schwertmann
(1984) found for AE, at RT, the value of 0.527 and
0.550 mm/s and for I' at RT, the value of 0.256 and
0.311 mm/s. The variations obtained for these two
quantities (see Figure 1) are clearly more pronounced,
especially in the case of AE,. This could point to an
effect associated with an Al-for-Fe substitution. How-
ever, it is believed that the observed behavior of the
two quantities is not firmly conclusive in that respect.

The goodness-of-fit improved significantly that is x*
decreased, if a model-independent quadrupole-splitting
distribution was used to describe the MS rather than a
single doublet. Example distribution profiles, p(AE,),
referring to sample LS7 at RT and 80 K, are repro-
duced in Figure 2. The range for AE, was 0.0 to 1.8
mm/s at steps of 0.05 mm/s. The values for the order
of smoothing (3) and the smoothing parameter vy
(0.001) (Wivel and Mgrup 1981; Amarasiriwardena et
al. 1986; Vandenberghe et al. 1994) were chosen, after
several trial fits of a few selected MS. Al probability
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Table 1. Positions AEY,,, AES,;, widths o, 0,, and relative
area S, of the most dominant component of the two log-nor-
mal distributions fitted to the quasi-continuous quadrupole-
splitting distributions derived from the room-temperature
Mbdssbauer spectra of the Al lepidocrocites prepared from
FeCl,/AI(NO,); solutions with various Al/(Al+Fe) fractions

i

i AEZ., oy AEg., 2

(mol/mol) (mm/s) (mm/s) (mm/s) (mm/s) M

0.0025 0.50 0.25 1.03 0.07 0.97
0.010 0.51 0.28 1.05 0.10 0.95
0.025 0.51 0.28 1.04 0.09 0.95
0.050 0.51 0.31 1.06 0.11 0.96
0.075 0.51 0.30 1.07 0.10 0.95
0.10 0.53 0.32 1.09 0.10 0.95
0.15 0.53 0.36 1.08 0.08 0.98

values p were forced to be positive or zero, a condition
that is imposed by a nonlinear programming procedure
(Le Caér and Dubois 1979). Finally, in order to ac-
count for the slight asymmetry in peak depths, an ad-
justable linear correlation between 8 and AE, was in-
cluded in the fitting procedure. Its iterated slope was
always small, typically an order of 0.01, and not re-
lated to any other parameter.

Similar to the results obtained earlier for the non-
substituted lepidocrocites (De Grave et al. 1986), the
p(AE,) profiles derived from the RT spectra of the
present LS samples also suggest the presence of two
more or less distinct components, one with quadrupole
splittings centered around =~0.5 mm/s and the second,
less abundant one with quadrupole splittings centered
around =1 mm/s. Again, two log-normal distributions,
each one characterized by a maximum-probability val-
ue AE," and a width o, were adjusted to the p(AE,)
profiles. The numerical data are listed in Table 1. The
variations observed for the two AE,;™ and o; values (i
= 1, 2) almost exactly coincide with those reported to
occur for the pure lepidocrocites by De Grave et al.
(1986), and can be attributed exclusively to the vari-
ation in particle size. [It is noted that a typographical
error in expression (2) (De Grave et al. 1986) has re-
mained unnoticed. This expression, relating the max-
imum-probability splitting to the mean value ., should
read: AEg™ = w exp(—a2).] As for the distribution pro-
files resolved from the 80 K spectra, the shoulder in
the vicinity near AE, = 1 mm/s is much less pro-
nounced and for LS7 (Figure 2) and higher, the itera-
tion routine for adjusting a superposition of two log-
normals failed to reach proper convergency. For the
aforementioned Al-free 1.147 lepidocrocite, the widths
o, of both adjusted log-normal distributions were
found to increase gradually with decreasing tempera-
ture (De Grave et al. 1986). This implies a stronger
overlap of the two closely spaced AE, distributions,
one of which constitutes only 5% of the total absorp-
tion, which explains the featureless distribution pro-
files at 80 K, unlike those derived from the RT spectra.
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The high-AE,, satellite component resolved from the
calculated p(AE,) profiles was tentatively ascribed by
De Grave et al. (1986) to iron species near the surface
of the non-substituted lepidocrocite particles, a sug-
gestion which emerged from the observation of a clear
negative correlation between the specific surface area,
and the area contribution of the satellite component to
the total profile. Due to strong deformations of their
coordinations, these surface irons are indeed expected
to exhibit larger quadrupole splittings as compared to
species located inside the particle. For the Al-contain-
ing samples, the variation of the fractional areas of the
two log-normal components (S, values listed in Table
1) with the particle size is considerably less pro-
nounced. This finding makes the earlier interpretation
concerning the origin of the high-AE, component less
convincing, unless the surface coordinations were
preferentially occupied by Al cations. However, this
cannot be concluded firmly from the present experi-
ments. The observed lack of variations of the area pa-
rameter S, further implies that the high quadrupole
splittings are generally not related to the peculiar mor-
phology of the lepidocrocite plates as visualized from
the electron micrographs. For low Al contents, includ-
ing x = 0.0, these plates exhibit strongly serrated edg-
es. This typical morphology, however, becomes less
expressed with increasing Al content (Schwertmann
and Wolska 1990) and for x = (.05 the edges are
rounded-off.

Also at low temperatures (T < 50 K) the MS of the
LS samples are all very similar to those observed for
the Al-free samples. In a relatively broad temperature
interval, they consist of a superposition of an asym-
metrically broadened sextet and a quadrupole doublet,
the contribution of the latter decreasing with decreas-
ing temperature. The transition from a pure doublet
spectrum to a pure sextet spectrum as the temperature
lowers, proceeds in a similar manner for all six inves-
tigated products. The transition curves for samples
LS02 to LS10 are reproduced in Figure 3. The onset
of magnetic ordering occurs at =50 K for LS02, which
is considerably lower than in the case of the well-
crystallized 22/568 lepidocrocite, namely 77 K (Murad
and Schwertmann 1984), but comparable to the results
for the non-substituted samples with poor crystallinity
(De Grave et al. 1986). The dashed line in Figure 3
shows that there appears to be a gradual, downward
shift of the transition range by about 5 K from LS2 to
LS10. This variation can be understood if it can be
presumed that the Al cations are incorporated into the
v-FeOOH structure. A more convincing argument in
support of this latter suggestion was found from the
value of the fractional area A, of the doublet com-
ponent at T = 35 K at which all samples exhibit mixed
doublet and sextet spectra. This fractional area is plot-
ted against x in Figure 4 and is observed to increase
monotonically up to LS10. A levelling-off at a value
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Figure 3. Thermo-scan curves measured for 5 of the 7 in-

vestigated lepidocrocite samples. The dashed line shows the
slight decrease with increasing initial Al contents C; of the
temperature at which the onset of magnetic ordering is de-
tected.

of Ap = 0.48 = 0.05 seems to occur beyond that con-
centration. For the Al-free lepidocrocites, Ay at 35 K
ranges between 0.0 and 0.13 (De Grave et al. 1986)
and is not related to MCL,. The significantly lower
values as compared to the results obtained for the pres-
ent samples, are in the authors’ opinion a strong in-
dication that the Al species are incorporated in the
structure of these latter lepidocrocites, at least for Al/
(Al + Fe) ratios of up to 0.10 mol/mol in the initial
solution. This finding supports the observed diminu-
tion of the unit cell (Schwertmann and Wolska 1990).

The MS at 8 K of all LS samples consist of an
asymmetrically broadened Zeeman pattern, character-
istic for a broad hyperfine-field (H,,) distribution. Ex-
ample spectra, referring to samples LS1 and 1.S10, are
reproduced in Figure 5, clearly showing the effect of
an increased Al content and/or an increased specific
surface area on the line broadening. The distribution
in fields is believed to be due primarily to Al-for-Fe
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Figure 4. Fractional doublet area A, in the mixed Moss-
bauer spectra recorded at 35 K plotted as a function of the
Al content x. Solid curve serves as a guide for the eye.

substitution and/or surface effects, since other mech-
anisms suggested to produce field distributions, such
as collective magnetic excitations (Mgrup and Topsge
1976), cluster magnetic ordering (Bocquet et al. 1992)
or superferromagnetism resulting from inter-particle
magnetic interactions (Mgrup and Tronc 1994) have
but a minor effect at that low temperature. The 8 K
spectra were fitted with a model-independent H,; dis-
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Figure 5. Mbossbauer spectra at 8 K of the Al-lepidocrocite
samples LS1 and LS10. The full curves are the adjusted spec-
tra calculated with a model-independent distribution of hy-
perfine fields.
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Figure 6. Maximum-probability hyperfine field H,;™ derived
from the 8 K Mossbauer spectra plotted as a function of the
Al content x. Solid curve is the linear-regression line for data
of samples LS02 to LS10.

tribution. We observed that the adjusted values for the
maximum-probability field, H,/, and especially for the
average hyperfine field, depended upon the conditional
parameters specified for the hyperfine-field distribu-
tion. Excellent fits were obtained for fields covering
the range 225-525 kOe at steps of 5 kOe, third-order
smoothing and smoothing parameter v = 0.0001. Lin-
ear correlations between the hyperfine field, and the
quadrupole and center shifts, were also taken into ac-
count. Although they improved the goodness-of-fit to
a significant level, no physical meaning could be at-
tributed to the adjusted correlation coefficients.

The H,/™ values obtained under the above specified
conditions are plotted as a function of the concentra-
tion parameter x in Figure 6. Excluding the result for
sample L.S15, the variation with x can be approximat-
ed by the following linear expression:

H,™ = 450.6 — 59.5x = —0.95 forn = 6)
(1]

For all respective samples, the deviation between the
numerically adjusted H;/» value and the value calcu-
lated from Equation [1] is not more than 1 kOe. This
is considered to be within the experimental error lim-
its. This was not the case if the value obtained for
LS15 was included in the linear regression.

Several trial fits using different field ranges and/or
different smoothing conditions imposed on the distri-
bution profiles, have shown that the intercept H,™ (0)
on the ordinate axis and the slope of the linear-regres-
sion line do not vary by more than 3 and 5 kQOe, re-
spectively. For the aforementioned non-substituted
lepidocrocites, the adjusted maximum-probability
fields at T = 13 K are scattered within the range 444
* 2 kOe. These somewhat lower values as compared
to Hy™ (0) are explained by the fact that this latter
value refers to a temperature which is closer to satu-
ration. Hence, the presently observed variation of H; /"
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with Al by 6 kOe cannot be ascribed exclusively to
particle-size effects, and a significant contribution
must result from the Al-for-Fe substitution within the
lepidocrocites’ structure.

The field reduction in y-FeOOH resulting from the
presence of Al cations within its structure and as quan-
tified by the slope appearing in Equation [1], is com-
paratively high. For a-FeOOH (Murad and Schwert-
mann 1983), a-Fe,O, (De Grave et al. 1982) and «-
Fe, O, (Bowen et al. 1994), the authors report reduc-
tions in the range 30 to 40 kOe per unit Al/(Al + Fe)
and at temperatures close to saturation. Therefore, it
is conceivable that the presently observed linear vari-
ation contains a contribution from the decreasing crys-
tallinity. Murad and Schwertmann (1983) correlated
the hyperfine field at 4.2 K, obtained by fitting a single
Lorentzian-shaped sextet to the MS, of Al goethites to
both the Al concentration, x, and the surface area, S,
expressed in m%/g:

H, = 505.4 — 33x — 0.036S

It

(2]

On the basis of the measured MCL, values and the
experimental data for MCL, and S from the earlier
studied non-substituted y-FeOOH samples, the surface
area for the present samples LS02 to LS10 is estimated
to vary within the range =~60-120 m?%g. If, for the
sake of simplicity, it is assumed that a H,/* — S cor-
relation similar in magnitude to that appearing in the
multiple regression (Equation [2]) for goethite is valid
for lepidocrocite as well, then the H,/® — x regression
factor would be approximately —40 kOe per unit of x.
This seems to be a reasonable value for the Al-induced
hyperfine-field reduction.

In summary, both the variation of the fractional
doublet area at 35 K and that of the low-temperature,
maximum-probability hyperfine field indicate that Al
is present at the Fe sites in the investigated samples.
This finding supports the concluded Al-for-Fe substi-
tution on the basis of the observed reduction in the
unit-cell parameters (Schwertmann and Wolska 1990).
However, Figures 4 and 6 suggest that for the LS15
sample, as compared to LS10, no additional Al was
incorporated into the lepidocrocite structure. This is
also consistent with the measured value of the c edge
length of that sample, which is larger than for the sam-
ples obtained from initial solutions with C; = 0.05.
The observed effects that the Al exerts on the mag-
netic properties are all explained by the non-magnetic
nature of the AI3* cations. It has been argued for poor-
ly crystalline, non-substituted y-FeOOH that the
mixed sextet-doublet spectra at temperatures in the
magnetic order-disorder transition range reflect the si-
multaneous presence of paramagnetic, rather than su-
perparamagnetic, grains and magnetically ordered
grains, and hence that the Néel temperature Ty exhibits

r = —098, forn = 19)
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a distribution. The arguments in that respect were
based on external-field MS at 55 K (De Grave et al.
1986). On increasing the Al content, the overall mag-
netic interactions weaken, and Ty shifts to lower val-
ues. According to the simple molecular-field approach
for the magnetic ordering in a two-sublattice antifer-
romagnet, Ty for a given crystallite can be written as
Txx) = Tu(0) (1 — x), with x representing the con-
centration of non-magnetic species in the crystallite
(De Grave et al. 1982). The maximum Ty(0) value for
the present lepidocrocites is around 50 K, so that a
substitution degree of x = 0.10 implies a downward
shift of 5 K, which agrees well with the observations
reproduced in Figure 3. The distribution of Néel tem-
peratures and the lowering of their values, further ex-
plain the increase of the doublet fraction Ay at a given
temperature with increasing Al content. Finally, the
negative correlation between the most abundant satu-
ration hyperfine field and the Al content, can be un-
derstood on the basis of the well-known supertransfer
mechanism. With increasing Al, the number of Al-O-
Fe paths increases so that on the average the super-
transfer of 3d-spin density into the outer s shell of the
probe iron nuclei, and hence the total hyperfine field,
decreases.
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