
Clays and Clay Minerals, Vol. 28, No.4, 267-271, 1980. 

THE INFLUENCE OF ALUMINUM ON IRON OXIDES. 
VII. SUBSTITUTION OF Al FOR Fe IN 

SYNTHETIC LEPIDOCROCITE 

R. M. TAYLOR 

C.S.I.R.O. Division of Soils, Private Bag 2 
Glen Osmond, South Australia 5064, Australia 

U. SCHWERTMANN 

Institut fUr Bodenkunde, Technische Universitat Munchen 
8050 Freising, Germany 

Abst~act-The pres«?nce of Al hydroxy species in solution during the synthesis of lepidocrocite had been 
prevIOusly found to Illfluence the reaction towards goethite formation. However under certain conditions 
which are not u~realistic in terms of the natural soil environment, this influen~e does not occur, and AI 
appe~rs to substItute for Fe(III) in the lepidocrocite structure. This substitution causes the unit-cell di
menslOn.s to decrease along the "a" direction and to increase along the "b." From the differential line 
broademJ?g of.X-ray po",:de~ diff:action peaks, the incorporation of Al was found to inhibit crystal growtb 
preferenttally III the .b-axls dl~ectlon, .the hkl peaks being more broadened the higher the value of k relative 
to h an~ I. Al-substttute.d.lepldocrocltes have been suggested to occur in soils, and although they can be 
synthe~lzed ~nder condltt?ns approaching those expected in soils, it is considered that their formation in 
nature IS unhkely or restncted to unusual environments. 
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INTRODUCTION 

The similarity of ionic radii leads to frequent substi
tution of g.ctahedrally coordinated Fe(III) by AI(I1I) in 
soil goethites and hematites. However, the incorpora
tion of AI in natural lepidocrocites has not been defi
nitely established, although it could be expected be
cause of the similar coordination of the Fe(III). De 
Villiers and van Rooyen (1967) presented indirect evi
dence for the existence of aluminous lepidocrocite in 
soils. This mineral was not detected by X-ray diffrac
tion, probably due to the limited crystal development 
and the consequent reduction in diffracted intensities 
resulting from Al incorporation, an effect they dem
onstrated in synthetic samples. Aluminum substitution 
was inferred on the basis of the higher temperatures 
required for dehydration to maghemite, a behavior also 
exhibited by their Al substituted synthetic lepidocro
cites. Moreover, the resultant maghemites from their 
heated soil sample and synthetic material required 
higher temperatures for their transformation to hema
tite, an observation consistent with Al incorporation. 
However, both normal (van der Mare!, 1951) and AI
substituted goethite (unpublished data by RMD will 
transform to maghemite when heated in the presence 
of organic materials, e.g., humic acids, and this possi
bility was not apparently considered by these two 
workers. 

Direct evidence of AI substitution for Fe in the crys
tal lattice can come from a change in the lattice param-

eters analogous to the observations on goethite (Cor
rens and Engelhardt, 1941; Norrish and Taylor, 1%1) 
and hematite (von Steinwehr, 1967; Schwertmann et 
aI., 1979), or from dissolution treatments that are spe
cific only for lepidocrocite. The following work pre
sents direct evidence for Al substitution in lepidocro
cite synthesized under various conditions. 

EXPERIMENTAL TECHNIQUES 

Aluminous lepidocrocites were synthesized by two 
techniques. In the first technique (sample 79/13), 0.48 
mmole of washed, freshly precipitated AI(OH)3' was 
added as a suspension to 200 ml of 0.006 M FeC03 so
lution saturated with CO2 , Nitrogen was passed into the 
solution at the rate of 150 mllmin for 10 min, progres
sively expelling CO2 and thus causing the pH to rise 
from the initial value of 5.5 to 7.2. The N2 flow was then 
replaced by 100 mllmin of air while the suspension was 
constantly stirred. The pH was not controlled and grad
ually fell to and remained at 5.6. The yellow-brown pre
cipitate was centrifuged, washed, and dried from ace
tone at 80DC. The second technique (samples 78/121A, 
79/18, and 79/24) involved the oxidation under water of 
a dark-green, metastable member of the pyroaurite 
group, an Fe(II)AI hydroxy-chloride, which is iso
structural with Fe(II)Fe(III) hydroxy-chloride, the 

1 The AI(OH)3 was prepared by titrating 0.48 mmole AICI3 

in 20 ml H20 to pH 7 with 2.3 M NaOH. 
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Table I. Conditions for formation of Fe(II)AI(lJI) hydroxy-chloride and its subsequent oxidation to lepidocrocite. 

Sample 

Fonnation' 

AI added 
(mmole) 

Initial 
[FeH ] 

(molar) 

Oxidation 

Method pH 

78/121A 
79/18 
79/24 

0.72 
0.72 
0.24 

0.14 
0.31 
0.22 

5 ml air/min into solution + stirring 
5 ml air/min into solution + stirring 
Stirring in contact with air 

7 
7 

7 for 2 hr then 9.5 for 1 hr 

1 Initial total volume = 50 m!. 

"green rust I" phase described by Bernal et al. (1959). 
This phase is produced by the induced hydrolysis at pH 
7 under N2 of an FeCI2 solution by the addition of a N2-

saturated suspension of AlCI3 previously adjusted to 
pH 7. During hydrolysis under N2, the pH was main
tained by the addition of2.3 M NaOH by an automatic 
titrimeter (Taylor and MacKenzie, 1980). The varying 
conditions of formation of these intermediate phases 
and for their subsequent oxidation are given in Table 
1. The final oxidized products were centrifuged, 
washed, and dried from acetone at 80°C. Two non-sub
stituted lepidocrocites with varying degrees of crystal
linity were used for comparison. Sample P23 was pre
pared by bubbling oxygen through a 0.15 M FeCI2 

solution at pH 7, and sample RMT 152 was prepared by 
the oxidation of 200 ml of a CO2-saturated 0.0046 M 
Fe(II) carbonate solution by 100 ml air/min and fast stir
ring (Schwertmann and Taylor, 1979). Preliminary 
identification of the samples was made on' X-ray pow
der diffraction (XRD) photographs (5.73-cm diameter 
camera, CoKa radiation). Peak positions and diffrac
tion line widths were obtained using step scanning tech
niques involving lOO-sec counts at 0.05°20 intervals 
with a Philips PWI130 instrument equipped with a 
monochromator before the detector stage. Differential 
thermograms (DT A) were made on a Linseis instru
ment using 20-25-mg samples and hematite as the inert 
material at a heating rate of lOoC/min. Fe and Al anal
yses were carried out after dissolution in HCI or acid 
ammonium oxalate (Schwertmann , 1%4) by atomic ab-

sorption techniques. Infrared (IR) spectrograms were 
run on 0.3% KBr disks on a Beckman IR 20 instrument. 

RESULTS AND DISCUSSION 

Alliepidocrocites prepared in the presence of Al gave 
XRD peaks which were broadened; presumably due to 
small particle size. The degree ofline broadening varied 
for different reflections (Table 2). This differential 
broadening is indicative of reduced crystallite devel
opment in particular crystal-axis directions . The diag
nostic (020) basal reflection was either not discernible, 
or possessed a much lower intensity than the normally 
less intense (120) reflection. For the samples prepared 
from the aqueous oxidation of Fe(II)AI(I1I) hydroxy
chloride compounds, the lowest rates of oxidation 
(sample 79/24) gave the relatively best crystallized lep
idocrocite. The poor crystallinity of the samples is also 
indicated by their high degree of solubility in acid am
monium oxalate in the absence of light (Feo/!, Table 3). 
Differential line broadening of the various XRD peaks 
and reduced intensities of the (020) reflections were re
ported by Schwertmann and Taylor (1979) for non sub
stituted, synthetic (e.g., sample RMT 152) and natural 
lepidocrocite samples. Their results demonstrated that 
rapid oxidation during synthesis hindered crystal de
velopment, causing differential line broadening in the 
XRD pattern. The main inhibition of crystal growth was 
in the b-axis direction, resulting in very broad (020) 
peaks with markedly reduced intensities. These reflec
tions were, however, shifted to lower 20 values , cor-

Table 2. Spacings and widths of X-ray powder diffraction peaks of AI-substituted and other synthetic lepidocrocites. 

AI in d(020) WHH' d(l20) WHH' d(031) WHH' d(J3I ,06O) WHH' d(051,200) WHH' d(231) WHH' 
Sample system (A) (' 20) (A) (' 20) (A) (' 20) (..\) ro20) (A) (' 20) (A) ('20) 

79/24 + 6.338 1.45 3.294 0.92 2.466 1.15 2.081 1.05 1.932 0.80 1.520 1.75 
79/13 + 6.822 4.1 3.295 2.65 2.4782 3.45 1.929 0.95 1.5242 

79/18 + 6.448 3.2 3.289 1.58 2.460 2.10 1.926 1.09 1.517 1.475 
781121A + 3.282 2.5 2.485 3. 17 1.924 1.27 1.5152 

RMT 152 6.7 = 4.5 2.5 3.6 1.937 1.09 
P 23 6.281 0.39 3.297 0.50 2.475 0.50 2.089 0.55 1.940 0.63 1.530 1.10 

J Width at half height. 
2 Measurement possibly influenced by trace amounts of ferrihydrite. 
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Table 3. Effect of AI substitution on some properties of synthetic lepidocrocites . 

% composition of end product1 

AI in AI d(200) DTA' 
Sample system Fe, Fe~ Feo/t AI, (mole%) (A) (OC) I.R.' 

79/24 + 47.7 39.7 75. 3.08 11.8 1.931 293 0.28 
79/13 + 35.6 n.d. n.d. 6.04 25.0 1.929 n.d. n.d. 
79/18 + 43.8 44.4 100. 3.79 15.2 1.926 322 0.19 
78 12l/A + 44.7 45.1 100. 4.64 18.0 1.924 284 0.12 
RMT 152 52.1 50.3 %. 0 0 1.937 251 0.16 
P 23 58.2 23.4 40. 0 0 1.940 268 0.73 

I t = total , 0 = oxalate soluble, n.d. = not determined . The fact that the preparative conditions for the formation of the 
hydroxy chloride had lower mole percent AI content than the final oxidized products is due to not all of the Fe(II) in solution 
hydrolyzing and precipitating due to the presence of AI. (See Taylor and McKenzie, 1980.) 

2 Temperature of dehydroxylation peak . 
3 Absorbance at 1020 cm- I per mg of Fe. 

responding to an increase in the b-axisdimension of the 
unit cell. As seen from electron micrographs, the in
dividual crystals were elongated laths. These were 2-
10 unit layers thick in the direction perpendicular to the 
plates (b-axis). Because of the limited development in 
this direction, the hkl peaks were more broadened, the 
higher the value of k relative to h and I. Because the 
(200,051) reflection was generally the least broadened 
in the diffraction pattern of these poorly crystalline lep
idocrocites, the (200) reflection may well be the major 
component of this peak, and the a-axis direction may 
be along the elongated lath. 

In addition to the differential line broadening and re
duced (020) intensity, samples produced in the pres
ence of AI (present study) gave lower d(200) values, in
dicative of a contraction of the unit cell in the a-axis 
direction. This contraction is consistent with the sub
stitution of the smaller AI(III) cation for Fe(III), but 
was not observed for the nonsubstituted lepidocrocites 
reported by Schwertmann and Taylor (1979). For ex
ample, sample RMT 152, produced in the absence of 
AI , exhibits marked line broadening, but shows no sig
nificant shift to lower values for the (200) reflection 
(Table 2.) The d(200) values measured on the three sam
ples produced from the oxidation of Fe(II)AI(III) hy
droxy-chloride compounds are negatively correlated 
with the mole percent Al given from the analyses of the 
HCI-dissolution extracts (Figure 1). Moreover, these 
values lie close to the theoretical relationship derived 
assuming a linear decrease in d(200) with Al content 
between the two isostructural end members, lepidocro
cite and boehmite. These results suggest that the Al 
found by analyses was contained predominantly within 
the lepidocrocite structure, and that there is a progres
sive contraction in the a-axis of the unit cell with in
creasing Al incorporation. The three samples all give 
values above the theoreticallepidocrocite-boehmite re
lationship , i.e. , they possess slightly higher d(200) val
ues than would be expected from their measured Al 
contents. These increased values could possibly arise 

from a slight bias towards lower 2e values, due to the 
coincident (051) reflection being influenced by the ob
served increase in the b-axis dimensions (Table 2). 
However, because the influence of this peak is consid
ered to be negligible (as discussed above) , the departure 
from the theoretical relationship between d(200) and 
mole percent Al incorporation may i?e real and analo
gous to the similar variations observed for hematites 
(von Steinwehr, 1967; Schwertmann et al., 1979) and 
for goethites (Norrish and Taylor, 1961) with isomor
phous substitution of AI for Fe. 

Sample 79/13 shows a much greater departure from 
the theoretical relationship (Figure I) probably due to 
unreacted AI(OHh being present as an impurity in the 
final solid phase. This sample was prepared by adding 
excess AI(OH)a (0.48 mmole) to 1.2 mmole of Fe(II) 
carbonate solution, and any alkali extraction of the un
reacted solid AI(OH)3 may have altered or dissolved the 
poorly crystalline lepidocrocite phase. 

Al incorporation caused no measurable shift of the 

d(200) 
(I>.) 

1.95 

1.94 

................ 

1.93 

1.92 

1.91 

Theoretical line betweeri lepidocrocite
boehmite end members 

........................ .79/ 24 

................ • 79 / 18 
................. 78/ 121A 

.79/ 13 

....................................... 

.............. 

1.90 '-------'------'------' 
o 10 20 30 

Mole % AI in product 

Figure I. Relationship between d(200) X-ray powder dif
fraction spacing and mole percent AI in lepidocrocite samples. 
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Fe-OH mode at 1020 cm- I in the IR spectrograms. This 
band is generally broad, and its intensity decreases with 
decreasing crystallinity (Table 3) as observed else
where by Schwertmann and Taylor (1979). After heat
ing the Al substituted samples for 1 hr at 200°C, the peak 
at 1020 cm-1 did not alter, whereas it disappeared on 
similar treatment of pure lepidocrocite. 

This higher thermal stability of AI-substituted lepi
docrocite is also indicated by the higher temperatures 
of the DTA dehydroxylation peaks (Table 3) than are 
observed for pure lepidocrocites. However, a correla
tion between peak temperatures and the estimated de
gree of AI substitution was not observed. Higher ther
mal stability for synthetic AI-substituted lepidocrocite 
was also observed by de Villiers and van Rooyen 
(1967). 

Although fast oxidation of an Fe(II) solution during 
synthesis (Schwertmann and Taylor, 1979), and Al in
corporation within the crystal lattice (present study, 
Table 2), both impeded crystal development, there was 
a definite increase in the b-axis dimension in these poor
ly crystallized samples. This axis is in the direction of 
OH bonding between the double chains of octahedra. 
By analogy there appears to be a similar behavior in the 
poorly crystallized goethites produced by Al incorpo
ration. From the d(hkl) values of the synthetic alumi
nous goethites of Thiel (1963), the cell parameters can 
be calculated. Whereas the b- and c-axis dimensions 
show a marked linear dependence on the degree of Al 
substitution, there is a wide scattering, and even in
creased values for the a-axis. It is interesting that in 
these related compounds the possible departure from 
the Vegard rule is again essentially in the direction of 
OH bonding. . 

Possible occurrence in soils 

De Villiers and van Rooyen (1967) suggested that AI
substituted lepidocrocites might be present in some 
Natal soils they examined. Their evidence was based 
on the similar magnetic behavior of the samples after 
heating to that of some AI-substituted lepidocrocite 
samples produced under conditions that could not be 
expected in nature. However, no positive identification 
of lepidocrocite could be made on the original soil ma
terial. In a study of lepidocrocite in numerous soils of 
Natal, Schwertmann and Fitzpatrick (1977) found that 
the mineral was generally well crystallized, and no shift 
in the d(200) spacing, indicative of a contraction in the 
a-axis of the unit cell due to Al substitution, was ob
served. If an AI-substituted lepidocrocite was present 
in sufficient quantities in a soil, even though it would 
possess small crystallite size, there should be an ob
servable detectable shift in the d(200) spacing which, 
in the poorly crystalline samples, shows the least line 
broadening. 

In its common association with goethite in soils, lep-

idocrocite is generally the more crystalIizedphase 
(Schwertmann and Fitzpatrick, 1977). This, together 
with the observation that Al incorporation tends to re
strict the crystal development oflepidocrocite, and the 
fact that under conditions expected in soils the pres
ence of AI inhibits lepidocrocite formation in favor of 
goethite (Taylor and Schwertmann, 1978), suggest that, 
at least in such associations of the two phases, Al sub
stitution in lepidocrocite is unlikely. 

Although AI-substituted lepidocrocite was formed in 
this present study from reactants at pH values and tem
peratures that could be expected in soils (e.g., sample 
79/13 formed from an Fe(II) carbonate solution), its for
mation in soils via this mechanism is regarded as im
probable because of the very high rates of oxidation 
required. Aluminum-substituted lepidocrocites were 
formed at lower rates of oxidation in suspensions of 
Fe(II)AJ(III) hydroxy-chloride (samples 78/121A, 79/ 
18, and 79/24), but again this reaction path is considered 
unlikely in most soils. Taylor and McKenzie (1980) 
showed that the analogous hydroxy-sulfate on oxida
tion gave only trace amounts oflepidocrocite (in which 
AI substitution was not confirmed), whereas the more 
probable compound in hydromorphic soils, the hydroxy
carbonate, did not transform at all to lepidocrocite. 
Although this family of compounds can form under pH 
and temperature conditions expected in soils, the high 
chloride content necessary for the formation of the hy
droxy-chloride makes the occurrence of AI-substituted 
lepidocrocites via these compounds improbable. More
over, in view of the established influence of Al to favor 
the formation of goethite under conditions that would 
normally lead to lepidocrocite (Taylor and Schwert
mailn , 1978), the presence of AI-substituted lepidocro
cite in soils is considered unlikely. 
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Pe31OMe--PaHee 6bIJIO 06HapY)KeHO, qTO npHCYTCTBHe B paCTBope rHJ\pOKCHJIbHbIX BHJ\OB Al BO BpeMM 
CHHTe3a JIenHAOKpoKHTa OKa3bIBaeT B03Aeii:cTBHe Ha peaKl\HIO, npHBOAMLQee K 06pa30BaHHIO reTHTa. 
OAHaKo, npH onpeAeJIeHHbIX eCTeCTBeHHblX YCJIOBHMX cpeAbI, B KOTOPbIX MoryT HaxOAHTbCM nOqBbI, 
3Toro He npoHcXOAHT, npHqeM AI, nOBHAHMOMY, 3aMeLQaeT Fe(III) B JIenHJ\OKpOKHTOBOH cTpyKType. 
3TO 3aMeLQeHHe BbI3bIBaeT YMeHbllieHHe pa3MepoB 3JIeMeHTapHblx MqeeK BAOJIb HanpaBJIeHHM « a» 14 

YBeJIHqeHHe BAOJIb HanpaBJIeHHM « b». ITo AH<jJ<jJepeHl\HaJIbHoMY JIHHeHHoMY paclliHpeHHIO AH<jJPaKl\HOH
HbIX nHKOB nopolliKoBoro MeTOAa peHTreHocTpYKTypHoro aHaJIH3a 6bIJIO 06HapY)KeHO, qTO BKJIIOqeHHe 
AI npenMAcTByeT pOCTy KPHCTaJIJIOB oc06eHHo B HanpaBJIeHHH OCH b, npHqeM nHKH hkl paclliHpMIOTCM 
TeM 60JIbllie, qeM BbIllie 3HaqeHHe k no OTHOllieHHIO K h 14 I. ITpeAnOJIOraeTCM, qTO JIenHAOKpoKHTbI c 
3aMeLQaIOLQHM Al npHcYTcTBYIOT B nOqBaX, 14, XOTM HX MO)KHO CHHTe3HpOBaTb npH YCJIOBHHX 6JIH3KHX 
K YCJIOBHMM npeAnOJIOraeMbIM B noqBaX, CqHTaeTCM, qTO HX 06pa30BaHHe B npHpoAe MaJIO BepoMTHo 
HJIH Ha6JIIOAaeTCM TOJIbKO B He06blqHbIX YCJIOBHMX. [N.R.] 

Resiimee--Es wurde friiher gezeigt, daB bei der Oxidation von Fe(Il) bei Gegenwart von AI-hydroxy-Ionen 
in der Losung statt Lepidokrokit Goethit gebildet wird. Unter bestimmten Bedingungen kann manjedoch 
die Goethitbildung verhindern. Dann wandert Al in das Lepidokrokitgitter ein und ersetzt dort Fe(III). 
Dieser Ersatz verursacht eine Verkleinerung der Elementarzelle des Lepidokrokits in der a-Richtung. 
Dagegen ist die Elementarzelle in der b-Richtung leicht vergroBert. Aus der differentiellen Verbreiterung 
der Rontgenlinien (die hkl-Linien sind urn so breiter, je hoher der Wert von k relativ zu h und I) wird ge
schlossen, daB diese VergroBerung auf der sehr geringen KristallgroBe in b-Richtung beruht, die einen 
leicht vergroBerten Abstand der Elementarschichten zur Foige hat. AI scheint also das Kristallwachstum 
besonders in der b-Richtung zu behindern. AI-substituierte Lepidokrokite sind in Boden zwar vermutet, 
jedoch bisher nicht nachgewiesen worden. Aus den Synthese-Bedingungen ist zu schlieBen, daB ihr Auf
treten auch nicht sehr wahrscheinlich ist. 

Resume-On avait auparavant trouve que la presence d'espece hydroxy Al en solution pendant la synthese 
de lepidocrocite influencait la reaction vers la formation de goethite. Sous certaines conditions qui ne sont 
pas irrealistes en termes d'un environement de sol naturel, cependant, cette influence n'apparait pas, et 
AI semble se substituer it Fe(III) dans lastructure de lepidocrocite. Cette substitution est la cause d'un 
decroissement des dimensions de la maille dans la direction "a" et d'un accroissement dans la direction 
"b". On a trouve it partir de I'elargissement de bande differentiel des sommets de diffraction poudree aux 
rayons-X que I'incorporation d'AI inhibait la croissance de crystal preierentiellement dans la direction de 
I'axe b, les sommets hkl etant plus elargis it mesure que la valeur de k par rapport it h et I etait plus eIevee. 
On a suggere que la substitution par AI dans des lepidocrocites se passe dans des sols, et malgre qu'elles 
peuvent etre synthetisees sous des conditions se rapprochant de celles auxquelles on s'attendrait dans des 
sols, il est considere que leur formation dans la nature est peu probable ou restrainte it des environements 
inhabituels. [D.J.] 
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