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Abstract—Maghemite (y-Fe,053) is a ferrimagnetic Fe oxide commonly found in tropical and subtropical
soils, especially in the topsoil where it is usually a product of burning. Isomorphic substitution (IS) of the
Fe in maghemite by different metals (mainly Al*") can modify its mineralogical and chemical attributes,
and these modifications may be important to understanding the formation and properties of this mineral in
soils and sediments. The objective of this work was to evaluate the crystallochemical alterations of
synthetic, Al-substituted maghemites prepared by the precipitation of magnetites from alkaline aqueous
media containing FeSO,4-7H,0 with increasing amounts of Al»(SO4)3-7H,O to obtain hypothetical AI** for
Fe substitutions ranging from 0.0 to 40.0 mol %. The Al-substituted magnetites were washed and dried,
and then heated to 250°C for 4 h to form yellowish red maghemites that were characterized by total
chemical analysis, X-ray diffraction, specific surface area (SSA), mass-specific magnetic susceptibility,
infrared spectroscopy, transmission electronic microscopy, and color. Increasing Al*" substitution to an
experimental maximum of 15.9 mol % decreased both the @y dimension of the cubic unit cell (ao = 0.8339
—396.157 x 107° Al r* = 0.99) and the mean crystallite dimension (MCD = 76.4 — 3.15Al, > = 0.79) of
the maghemites. With the decrease in MCD came a more yellowish color, an increase in SSA, and a
decrease in crystallinity as measured through extraction of the samples with acid ammonium oxalate. The
mass-specific magnetic susceptibility of the maghemites increased with AI>* substitution up to 5.3 mol %
and then decreased with further replacement of Fe by Al. Solid-phase aluminum in excess of 16 mol %
substitution appeared to occur as a separate, poorly crystalline phase that was X-ray amorphous.

Key Words—Fe Oxides, Isomorphic Substitution, Mass Specific Magnetic Susceptibility, Specific

Surface Area, X-ray Diffraction.

INTRODUCTION

Iron oxides and oxyhydroxides are important minerals
in many highly weathered tropical soils and may strongly
influence their chemical, mineralogical, or pedological
behavior and influence agricultural management practices
(Wiriyakitnateekul et al., 2007). Iron oxides in soils vary
by mineral species, crystal size, structural order, and
composition, and variations in these properties may reflect
differences in the environmental conditions prevailing
during pedogenesis (Schwertmann and Taylor, 1989). As
soil Fe oxides generally form by precipitation from pore
waters, foreign ions and molecules present in the soil
solution may be incorporated into the Fe oxide structures
or adsorbed to particle surfaces, and both processes may
affect crystal growth (Schulze and Schwertmann, 1984).

Soil formation usually results in an increase in
magnetic susceptibility (Cabello et al., 2009). In soils
and sediments, magnetite (Fe;O4) and maghemite
(y-Fe,O3) are common ferrimagnetic oxides (Cornell
and Schwertmann, 1996) and have been investigated
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extensively because of their important applications in
industry (Campbell et al., 2000) and the environment
(Benjamin et al., 1982; Zachara et al., 2004; He and
Traina, 2007). Relatively little is known about their
properties in soils, however. Naturally occurring mag-
netites and maghemites are frequently intergrown with
other minerals or form highly stable aggregates, making
their separation and purification from soils and sedi-
ments rather difficult (Cornell and Schwertmann, 1996).
For example, the clay fractions of many soils developed
from volcanic rocks in southern Brazil exhibit sponta-
neous magnetization caused by the presence of fine-
grained maghemites, but few attempts have been made
to quantify or characterize this important soil component
(Costa et al., 1999).

Maghemite (y-Fe,O3 or Feg3[11,304) has a spinel
structure with Fe>" distributed among tetrahedral (A)
and octahedral (B) sites. The number of B sites is twice
that of the A sites. The actual distribution of vacancies
(OJ) is still controversial, and they are reported to occur
exclusively in B sites, or in both A and B sites
(Armstrong et al., 1966; Greaves, 1983). Aluminous
maghemites are commonly found in surface soils that
have previously been subjected to burning (Ketterings et
al., 2000; Anand and Gilkes, 1987). Al-maghemites are
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also found in many tropical soils derived from basic
igneous rocks (Costa et al., 1999). In such cases,
maghemite is probably produced by aerial oxidation of
lithogenic magnetite through a topotactic process
(Resende et al., 1986), but the chemical mechanism by
which AI*" is incorporated into the spinel structure has
not yet been explained well.

The upper limit to isomorphic substitution of Al for Fe
in maghemite is also under discussion. Fontes and Weed
(1991), for example, reported 16 to 26 mol % Al
substitution in maghemites extracted from 12 highly
weathered soils of Minas Gerais, Brazil. Under laboratory
conditions, the amount of Al that can replace Fe seems to
depend strongly on the synthesis procedure. Gillot and
Rousset (1990) reported up to 66 mol % Al in maghemites
prepared from organic precursors, whereas Wolska and
Schwertmann (1989) proposed a limit of 10 mol % for
samples prepared from inorganic precursors.

The objectives of the present study were to re-
evaluate the extent of Al-for-Fe substitution within
synthetic maghemites and to obtain a better under-
standing of the effect of Al substitution on the structural,
chemical, and physical properties of this mineral.

MATERIALS AND METHODS

Synthesis

Aluminous maghemites were prepared by the oxida-
tion of Al-magnetites, synthesized by co-precipitation in
alkaline KNOj; solutions containing FeSO47H,O with
stoichiometric amounts of Al,(SO4);-7H,0, according to
the procedure described by Schwertmann and Cornell
(1991), with the intention to produce isomorphic sub-
stitutions of Al for Fe of 0.0, 1.3, 2.5, 3.8, 5.0, 7.5, 10.0,
15.0, 20.0, and 30.0 (1 h equilibration) and 0.0, 5.0, 10.0,
15.0, 20.0, 25.0, 30.0, 35.0, and 40.0 (2 h equilibration)
mol %. Magnetite synthesis was performed in an N,
atmosphere over either 1 or 2 h periods to assess the
impact of equilibration time on Al substitution. Following
the oxidation and co-precipitation reactions, a hand
magnet easily and completely attracted all the magnetite
formed. This material was washed several times with
distilled water to remove excess salts. It was frozen using
liquid nitrogen, and dried in a lyophilizer. The magnetite
was then heated in a furnace at 250°C for 4 h where it was
converted to yellowish red maghemite, which was also
attracted by a magnet.

Acid ammonium oxalate (pH 3) extraction

In order to purify the maghemites, poorly crystalline
materials were selectively removed by one, 4 h treatment
with acid (pH 3.0) ammonium-oxalate (2.0 M) in the
dark using a sample to solution ratio of 1:1000,
according to the procedure described by McKeague
and Day (1966). Samples of ~100 mg were weighed into
15 mL polypropylene tubes, and 10 mL of oxalate
solution was added. The tubes were capped, covered
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with Al foil to prevent exposure to light, and shaken in a
horizontal shaker for 4 h. After shaking, the suspensions
were centrifuged and the supernatants collected for
chemical analysis of Fe and Al. Following the extrac-
tion, solid residues were washed thoroughly with
distilled water to remove excess salts and were then
freeze dried for subsequent characterization.

Total chemical analysis

Duplicates of the powdered, purified materials
(~200 mg) were weighed into 50 mL polypropylene
tubes; 3 mL of concentrated HCI was then added and the
samples were allowed to rest for ~48 h until complete
dissolution was achieved. The total Al and Fe contents
were determined subsequently using inductively coupled
plasma mass spectrometry (ICP-MS) using a Varian
Vista-MPX ICP-OES instrument. Expected and observed
Al and Fe contents were calculated based on the amounts
of Al and Fe used in the synthesis and the values
obtained in the total chemical analysis, respectively.

X-ray diffraction (XRD)

The powdered material was analyzed on a Philips
PW-3020 diffractometer using CuKa radiation (35 kv,
20 mA) in a step-scanning mode (0.01°20/2 s) with ~5%
Si added as an internal standard for a more accurate
determination of d values and line broadening. These
patterns were exported to Jade 3.1® software to
determine the areas, heights, positions, and full widths
at half maximum (FWHM) of each diffraction peak. The
lattice parameter was calculated using a least-squares
method solving the general expression for cubic crystals
using the Miller indices of 220, 311, 400, 422, 511, and
440 by means of the freeware UnitCell (Holland and
Redfern, 1997). The mean size of coherently diffracting
domains (mean crystallite diameter, MCD) was esti-
mated using the Scherrer formula (Klug and Alexander,
1974); instrumental broadening was assessed from the
internal silicon standard.

Specific surface area (SSA)

The specific surface area (SSAggr) Was measured by
single-point N,-BET adsorption (Brunauer et al., 1938)
using a Micromeritics FlowSorb II 2300 instrument. The
specific surface areas were also calculated using the
MCD values from the (220) plane of the crystal
structure, acknowledging that the crystal is a cubic
phase and assuming that the density of the minerals did
not change with IS (4.87 g cm™>) (SSAca).

Mass-specific magnetic susceptibility (y.r) and

frequency-dependent mass-specific magnetic

susceptibility (Yrp)
Mass-specific magnetic susceptibility was deter-
mined in samples of the Al-substituted maghemites

using a Bartington MS2 magnetic susceptibility system
coupled with a MS2B sensor (Dearing, 1994). This dual
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frequency meter exposed the sample to a weak alternat-
ing magnetic field of ~80 A m™'. The MS2B sensor has
both low- (0.47 kHz) and high-frequency settings
(4.7 kHz) for the identification of fine-grained para-
magnetic or superparamagnetic materials. Powdered
samples (10 cm®) were weighed into 20 cm® plastic
vials. The volumetric magnetic susceptibility (k) was
measured at both low- and high-frequency settings, and
the low-frequency mass susceptibility (yLg) was calcu-
lated as follows (Dearing, 1994): yr g = (10 k §/m),
where m is the mass (g). The presence of super-
paramagnetic minerals with very small particle size
(<0.03 pm) was determined from the difference in K
values measured at low- and high-frequency settings and
was expressed as the percentage dual frequency mag-
netic susceptibility (Dearing, 1994): yrp % =
[(XLr—2uE)/%Lr]100.

Transmission electron microscopy

Transmission electron micrographs (TEM images)
were obtained using a Philips EM-300 transmission
electron microscope operated at 80 kV. Samples were
prepared by dispersing 0.06 g of each maghemite in
30 mL of distilled water with an ultrasonic probe. A
drop of each sample suspension was then air dried on a
200-mesh copper grid coated with polyvinyl formvar.
The shadowing angle was 26.5°.

Infrared spectophotometric (FTIR) method

The IR spectra were recorded using a Shimadzu
model 8300 FTIR spectrophotometer at a spectral
resolution of 4 cm™'; each spectrum was obtained after
acquiring 95 scans. About 10 mg of each sample plus
200 mg of KBr were weighed and ground with an agate
mortar and pestle until an homogeneous mixture was
obtained which was then pressed into disc-shaped
pellets. The FTIR spectra from the pellets were recorded
over the range 400—4000 cm ' and then analyzed using
Origin® software (5.0, 2001).

Color

Sample colors were determined using a Minolta
CR-300 chromameter equipped with a DP-310 data
processor as described by Post et al. (1993).
Approximately 10 g of air-dried material was placed
on weighing paper and tamped flat with a petrographic
microscope slide. The chromameter projection tube was
placed in contact with the sample and a reading was
obtained using the Munsell color scale.

RESULTS AND DISCUSSION

Synthesis and chemical analysis

Maghemites were synthesized with different degrees
of isomorphic substitution (IS) of Al for Fe; the IS
values observed in the synthesized Al-maghemites were
less than expected, however, from the relative masses of
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Al and Fe in the reaction mixture (Table 1). Regarding
the stoichiometry of the solutions used to synthesize the
Al-substituted maghemites, the efficiency of Fe replace-
ment by Al in the 1 h and 2 h equilibrations averaged 67
and 75%, respectively. The difference in the Al
incorporation in the synthesized maghemites was prob-
ably due to, among other factors, the lack of a complete
solid Fe-Al solution among maghemites (da Costa, 1995)
caused by differences in the atomic radii of Fe** (0.064
nm) and AI*" (0.053 nm).

Linear regression analysis of the expected vs.
observed IS values for the Al-maghemites synthesized
over 1 h or 2 h (Figure 1) revealed that the maximum IS
observed for 1 h of reaction (solid line) was 14.3 mol %
Al, whereas a 2 h reaction yielded two linear regions,
one between 0 and 30 mol % Al (dashed line) and
another between 30 and 40 mol % Al (dotted line). The
change in the regression coefficient for the dotted lines
may have been due to excess Al in the solution, which
formed a poorly crystalline Al phase (not observed by
XRD). This phase was indistinguishable from the
crystalline phase (Al-substituted maghemite) and was
not removed by treatment with acid ammonium oxalate

Table 1. Isomorphic substitution (IS) of Al and formula index
(x, in Fe, ,Al,O3) for Fe (mol % and mol, respectively) in
the synthetic maghemites.

IS’ st x X
expected observed expected observed
(#0.1) (#0.1) (20.01) (+0.01)
— mol % — —— mol
1h
0.0 0.0 0.00 0.00
13 0.8 0.03 0.02
25 1.8 0.05 0.04
3.8 2.8 0.08 0.06
5.0 3.7 0.10 0.07
7.5 53 0.15 0.11
10.0 7.0 0.20 0.14
15.0 9.8 0.30 0.20
20.0 11.9 0.40 0.24
30.0 14.3 0.60 0.29
2 h
0.0 0.0 0.00 0.00
5.0 43 0.10 0.09
10.0 7.4 0.20 0.15
15.0 10.8 0.30 0.22
20.0 14.1 0.40 0.28
25.0 15.9 0.50 0.32
30.0 19.7*% 0.60 0.39
35.0 27.9% 0.70 0.56
40.0 35.8¢ 0.80 0.72

IS (mol %) =

((A1%/26.98)/[(A1%/26.98)+(Fe%/55.85)]} x 100.
IS is overestimated, corresponding to 10.6, 15.8, and 21.3
wt.% Al, respectively.
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Figure 1. Expected vs. observed isomorphic substitution (IS) in
synthetic Al-substituted maghemites with 1 and 2 h synthesis
times.

at pH 3. The intersection of the dashed and dotted lines
suggests that the maximum IS observed in these samples
was ~20 mol % Al. The larger regression coefficient (r%)
for the dashed line (first part of the 2 h reaction) relative
to the solid line (1 h reaction) indicates that a longer
reaction time gives more precision in the isomorphic
substitution between expected and observed and greater
IS values.

Acid ammonium oxalate pH 3 (AAO) extractions

The Fe, and Al, extracted by AAO increased with the
total Al content of the samples (Figure 2). The
implication is that Al substitution in maghemite
decreases the crystallinity and/or increases the surface
area (Cornell and Schwertmann, 1996) and thereby
enhances reactivity with respect to AAO (Mc-Keague
and Day, 1966). Sambatti et al. (2002), studying

30 4 Fe,+ Al =866 + L60AI
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Figure 2. Acid ammonium oxalate (pH 3) extraction of iron (Fe,)
and aluminum (Al,) from synthetic maghemite samples. ( [] )
Outlier.
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synthetic Al-substituted hematites, also observed an
increase in the amount of Fe, + Al, with increasing IS.

Drastic increases in the Fe, + Al, values were
observed for Al contents between 6 and 8 wt.%,
suggesting that excess Al was not incorporated into the
crystal structure of the maghemites but is used up in the
formation of a poorly crystalline substance. Therefore,
IS calculations from the regression models above this
critical value have no meaning because Al was not in the
crystalline structure and IS values would be over-
estimated.

From Figures 1 and 2, the small IS values were due to
the non-incorporation of Al in any mineralogical form,
even poorly crystalline materials, i.e. under the present
working conditions, Al remained in the reaction solution.

X-ray diffraction

Only maghemite and reference Si diffraction peaks
were obtained from the AAO-treated samples, indicating
that any additional solid phases, if present, were X-ray
amorphous or below the detection limit (~3%)
(Figure 3). A number of low-intensity diffraction peaks
occurred in the pure maghemite specimens. These
superstructure lines are weak but clearly visible,
indicating an ordered arrangement of the vacancies on
B sites (Haneda and Morrish, 1977; da Costa et al.,
1994) so that a tetragonal structure can be indexed
(Schwertmann and Cornell, 1991). Wolska (1990) also
observed a fairly large number of weak superstructure
lines in synthetic, Al-substituted maghemites. In the
current study, increasing Al-for-Fe substitution elimi-
nated the superstructure lines so that only the six most
intense diffraction peaks (220, 311, 400, 422, 511, and
440) were used for further crystallographic characteriza-
tion. The reduced number of diffraction peaks among the
Al-substituted maghemites suggests that incorporation of
this metal induced some disorder in the crystals, as
observed by da Costa et al. (1998). Additional evidence
of structural disorder was obtained through decreased
peak intensities and increased full width at half
maximum (FWHM) values with increasing Al substitu-
tion (Figure 3). Progressive increases in FWHM were
observed until IS values of 16 mol % Al were achieved
(data not given). Above this point, further increases in
Al content of the samples induced no detectable changes
in peak positions or FWHM and indicated that a limit to
Al substitution had been achieved despite the presence
of excess Al in both the synthesis solutions and mineral
products. Wolska and Schwertmann (1989) also prepared
synthetic Al-maghemites from different precursor phases
and reported that 10 mol % Al was the maximum
substitution.

With increasing Al substitution to 16 mol %, all six
indicative peaks (Figure 3) shifted to larger 20 angles,
signaling a progressive decrease in the a, unit-cell
parameter. This behavior is also demonstrated by the 220
and 311 peaks (Figure 4) and derives from the fact that


https://doi.org/10.1346/CCMN.2010.0580401

Vol. 58, No. 4, 2010

(1o
(rny

Synthetic Al-substituted maghemites

455

10}
—Si
— = (220)

|
W N L

o—

h

Y WD W Y | W | S S

L

i PN A A I 28
__.,._.__.___JJ'\___.J l\_.___._,.n'\.__J.H_.._A_..J;_.._Ji' 3.7

i I'x_._Jl' A A_AJ"-._._J"\.—.,_._._ 53

|...J|L,_.__J IiL A —-'\-.—--J‘lk_.__—Jl.lh—-_-_._-—-_._o-‘-—m_' 7.0

| ’.'.__.Jil':' A | G Y

A "\._._._«’;L A Y, S | U T

'l-._.a'lk___)’l'\-— A A N 143 mol%

°20 (CuKa)

Figure 3. Powder XRD patterns of synthetic, Al-substituted maghemites prepared using a 1 h synthesis time.

Fe** has a significantly larger ionic radius (r =
0.064 nm) than AI’" ( = 0.053 nm) in octahedral
coordination (Kaye and Laby, 1975).

For pure maghemite, the experimental value for aq
was 0.8339 nm and was close to the value of 0.8351 nm
adopted by the Joint Committee on Powder Diffraction
Standards (JCPDS card # 39—1.346). The observed
relationship between ao and the degree of Al substitution
was linear and could be described by the following
equation: ag = 0.8339—-396.157 x 107° Al, which has a
correlation coefficient of r* ~ 0.99 (Figure 5a). The

(220)

mean crystallite diameter (MCD) of the synthetic
Al-substituted maghemites also decreased with increas-
ing IS (Figure 5b) and had a strong positive correlation
with the ag values (MCD = 7951.4a0—6554.2, 2= 0.77).

A similar relationship between @, and Al substitution
was observed by Schwertmann and Fechter (1984) for a
number of synthetic and natural maghemites; the slope
for their regression line (ap = 0.8343—2.22 x 10 °Al),
however, was smaller than that observed in this study,
and their reported range of Al substitution was 0 to 20
mol %. Fontes and Weed (1991) computed even larger IS

(311)

v g
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Figure 4. Response of the 311 and 220 diffraction peaks to increasing Al substitution in maghemite prepared using a 1 h synthesis

time.
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Figure 5. Relations between the IS in synthetic, Al-substituted
maghemites and (a) the a( unit-cell dimension; (b) the mean
crystallite dimension (MCD).

values for soil maghemites (~26 mol % Al) using
Schwertmann and Fechter’s equation; they noted, how-
ever, that the Al content of the natural samples might
have been overestimated by the release of some Al*"
from kaolinite.

Transmission electronic microscopy

By using TEM, a decrease in the average size of
maghemite crystals with increasing Al substitution was
observed (Figure 6); the decrease in crystal size was
clearly not homogeneous within a given sample,
however. The largest crystals (~100 nm) observed at
all IS levels were octahedral in shape. Otherwise, the
tendency was for the grains to become more subhedral or
even anhedral (rounded) with increasing Al content.
Although natural and synthetic magnetite are most
commonly found as octahedral crystals through the
development of the (111) face, magnetites and maghe-
mites formed from other Fe oxides almost always adopt
the habit of their precursor (Cornell and Schwertmann,
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1996). Taylor and Schwertmann (1974) synthesized
maghemites consisting of mostly sub-rounded particles
and varying in diameter between 0.02 and 0.06 pum
depending on the conditions during synthesis.

Excess Al in the synthesis solution produced a poorly
crystalline, X-ray amorphous material that persisted
even after AAO extraction. This material can be
observed in the samples having 21.3 wt.% Al
(Figure 6f).

Specific surface area (SSA)

The relationship between SSA and Al substitution, as
well as a comparison of results obtained by the N,-BET
method and those calculated using the MCD of the (220)
maghemite diffraction peak, revealed (Figure 7) that the
SSA increased linearly with increasing IS, but the slope
and intercepts of the regression lines for the two datasets
were different. Increases in SSA were expected because
the degree of crystallinity and grain size of these
samples clearly decreased with increasing IS, as
reflected in the aforementioned AAO data (Figure 2),
FWHM measurements (Figure 3), and TEM observations
(Figure 6). No tendency was observed for the SSA to
decline at small values of Al substitution as noted by
Schulze and Schwertmann (1987) in aluminous
goethites. In that case, SSA values decreased from 52
to 26 m? g~ ' as the extent of Al substitution increased
from 0 to 16 mol %. This effect was attributed to an
increase in crystal thickness along the (100) direction
together with a reduction in the number of domains per
crystal. In synthetic, Al-substituted hematites
Schwertmann et al. (2000) observed an increase in
surface area (BET) with increasing Al content, as
observed in the present study.

Results from the direct BET measurements are
consistently lower than the indirect XRD measurements
for SSA. Similarly, Sidhu (1988) observed that the
particle size of maghemite and hematite crystals
measured by XRD line broadening were about one-
third of those obtained from direct SSA measurements
and electron microscopy. The difference between the
results might be due to an overestimation of instrumental
contributions to the FWHM. Using SSA values obtained
by the BET method, the pure maghemite specimens
analysed in the present study should have MCD values
close to 70 nm.

Mass-specific magnetic susceptibility (yY;r) and
frequency-dependent, mass-specific magnetic
susceptibility (Yrp)

Mass-specific magnetic susceptibility (ypg) values
reported for maghemite (Dearing, 1994) range from
44,000 to 111,600 x 10~® m> kg~'. Costa et al. (1999),
working with natural maghemites from Brazilian soils,
reported an average value of 91,000 x 10™% m® kg™'. As
IS increased to 5.3 mol % Al in the current study, yrr
increased from 47,103 t0 52,322 10 ¥ xm? kg™', an 11%
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100 nm

Figure 6. TEM images of synthetic, Al-substituted maghemite, with: (a) 0.0, (b) 1.8, (¢) 5.3, (d) 7.4, and (e) 11.9 mol % Al. The
sample shown in (f) contains 21.3 wt.% Al.
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Figure 7. Relation between N,-BET and MCD specific surface
areas (SSA) and mol % Al in synthetic, Al-substituted
maghemites.

change (Figure 8). Above this critical value (5.3 mol %
Al), yir dropped to 31,913 x 1078 m® kg™" at 14.3 mol
Al %, a 39% decrease relative to the maximum Y value
and a 32% decrease relative to pure maghemite. This
behavior was unexpected because A" is a paramagnetic
ion (Cullity, 1972), and increasing substitution for Fe
should yield a steady and linear decrease in the ¥
values as observed by Batista ef al. (2008) with synthetic
Zn-substituted maghemites.

The current behavior may be due to partial relocation
of vacancies from octahedral to tetrahedral sites in the
structure (Wolska, 1990; Takei and Chiba, 1966).
Aluminum ions have been shown to disrupt the ordering
of vacancies and to occupy tetrahedral positions in the
spinel structure (Gillot et al., 1982). Also reported is that
Al substitution in y-Fe,_ Al Oz breaks down the order of
both cation and vacancy distributions in the octahedral
sub lattice (Gillot et al., 1982). As a result, an overall
decrease in magnetization occurs with increasing Al
substitution (Wolska, 1990). However, this decrease is
not linear. The departure from linearity is possible if some
of the AI** jons and cation vacancies occupy tetrahedral
sites in the spinel structure (Gillot et al., 1982). Prasad et
al. (2005) synthesized and characterized Al-substituted
maghemites for medical purposes and observed the same
alteration of magnetic behavior, i.e. they recorded an
increase in the magnetic susceptibility of the maghemites
up to 3.5 mol % Al, close to the critical value observed in
the present study (5.3 mol % Al).

Maghemites with 7.0, 7.4, 11.9, and 14.3 mol % Al
substitution exhibited frequency-dependent characteris-
tics, i.e. they had ypp values >2%. Dearing (1994)
suggested that samples with yrp <2% have virtually no
superparamagnetic character or components (<10%)
whereas specimens with yrp >2% (average) are usually
a mixture of multi-domain, single-domain, and super-
paramagnetic components. These criteria take into
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account particle size and magnetic behavior when a
specimen is exposed to an alternating magnetic field of
low and high frequency. The correlation between yrp
with ag and MCD was negative according to the
equations ao = 0.8333 — 0.0011 xrp (> = 0.82 P <
0.0006) and MCD = 68.85 — 7.490 ypp (1> = 0.58 P >
0.0365), demonstrating the strong dependence of mag-
netization on particle size and supporting the idea that
increasing IS reduces the average particle size of the
synthetic minerals.

Color

Variations in particle size, morphology, and chemical
composition can cause color variations in a particular
mineral. The effect of Al substitution on color is
especially difficult to quantify because Al substitution
influences both particle size and composition. In
general, the Munsell hue of goethite becomes redder
with increasing Al substitution and yellower with
increasing particle size (expressed as MCL (), and the
Munsell value falls with increasing Al substitution

a 35000 4
S0000
g 45000
=
E
= 40000
T ¥ =47103 + 1954.8A1 - 183.03A1°
?-é- ~LF
. r =080 P=<=0.0003
35000 + *
0000 T T T T T T T T 1
0 2 4 6 ] 10 12 14 16
Isomorphic substitution (mol %)
b 6 =
+ *

%, = 024+ 0.2703A1
. F =089 P<0.0001]

Ken (%)

05 T T T T T T T 1
0 2 4 [ 8 [1] 12 14 16

Isomorphic substitution (mol %)

Figure 8. Relations between Al substitution (mol %) in synthetic
maghemites and (a) mass-specific magnetic susceptibility
(xLr); (b) frequency-dependent, mass-specific magnetic sus-
ceptibility (yp). ([J) outliers.
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(Cornell and Schwertmann, 1996). Structural Al does not
appear to significantly influence the hue and chroma of
synthetic Al-hematite, although the crystals do become
lighter (Munsell value increases) (Barron and Torrent,
1984; Kosmas et al., 1986).

All maghemites analyzed in this study were yellowish
red in color with Munsell hues in the YR range
(Table 2), and the samples generally became more
yellow with Al substitution. The value and chroma
components of the color showed quadratic behavior
according to the equations: value = 4.35 — 0.109Al1 +
0.0073A1% (* = 0.40 P > 0.0814) and chroma = 5.88 —
0.270A1 + 0.0176A1% (r* = 0.56 P > 0.01687).

Fourier transform infrared spectroscopy (FTIR)

The FTIR spectrum of maghemite included a number
of low-frequency bands (800—400 cm™") that have been
assigned to the spinel y-Fe,O3 structure. An interpreta-
tion for two of these bands was proposed by Waldron
(1955) and White and De Angelis (1967). Specifically,
the v, band at 586 cm ™! arises from Fe-O deformation in
the octahedral and tetrahedral sites while the v, band at
423 cm™' is specific to Fe-O deformation in the
octahedral sites. Such bands, with others at 727, 693,
668, 638, 558, 483, and 444 ¢cm ', are characteristic of
well ordered maghemite (Taylor and Schwertmann,
1974).

The FTIR spectra for the series of Al-substituted
maghemites (Figure 9) revealed bands at 483, 444, and
423 cm™ ! in the 0 mol % Al mineral, which changed to a
single, broad band at 463 cm™' with 14.3 mol % Al. The
features at 727, 693, 638, 586, and 558 cm ™! shifted to
738, 705, 650, 597, and 574 cm”, respectively, with
increasing Al content. The band at 668 cm™' was
unchanged in all conditions. These results can be
correlated directly with the maghemite structure, mainly
due to the peaks that shifted to higher frequency
indicating an increase in the bond energies. If the

Table 2. Color of synthetic Al-substituted maghemites.

IS Proportion Hue Value Chroma

(mol % Al)

0.0 5.4 YR 43 6.1
0.8 6.6 YR 4.4 5.8
1.8 6.6 YR 4.1 5.0
2.8 5.5 YR 3.9 4.8
3.7 5.8 YR 4.4 5.7
43 6.8 YR 4.1 52
5.3 4.8 YR 3.8 4.9
7.0 5.5 YR 3.8 4.6
7.4 6.8 YR 3.9 4.8
9.8 6.6 YR 42 5.3
10.8 6.8 YR 3.9 4.9
11.9 6.4 YR 42 5.2
14.3 7.1 YR 4.2 5.5
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observed shifts are not artifacts of the method, then Al
substitution introduces significant strain into the octahe-
dral and tetrahedral sites associated with Fe-O vibrations.

SUMMARY

Maghemites with up to 16 mol % Al were synthe-
sized. The degree of IS in the Al-maghemites was related
to the crystallographic ay dimension, as given by any one
of the six most intense XRD planes (220, 311, 400, 422,
511, and 440), by the linear equation Al (mol %) =
(0.8339 — 4()/396.157 x 107°. Increasing IS in the
maghemite not only resulted in a decrease in ay, but
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Figure 9. FTIR spectra of synthetic, Al-substituted maghemite
in the range 400—800 cm ™'
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also in the MCD and degree of crystallinity, whereas the
specific surface area and the yellow component of the
Munsell hue increased. The effect of structural Al on
magnetic susceptibility was positive at small
(<5.3 mol %) substitution rates but negative at greater
Al contents.
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