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THE INFLUENCE OF ALUMINUM ON IRON OXIDES.
PART II. PREPARATION AND PROPERTIES OF
Al-SUBSTITUTED HEMATITES

U. ScCHWERTMANN, R. W, FitzpaTrICK, R. M. TAYLOR, AND D. G. LEWIS!
(Received 8 May 1978)

Abstract—Aluminum-substituted hematites (Fe,_,Al,O;) were synthesized from Fe-Al coprecipitates at pH 5.5, 7.0, and
in 1071, 10-2, and 10-3 M KOH at 70°C. As little as 1 mole % Al suppressed goethite completely at pH 7 whereas in KOH
higher Al concentrations were necessary. Al substitution as determined chemically and by XRD line shift was related to
Al addition up to a maximum of 16-17 mole %. The relationship between the crystallographic a, parameter and Al sub-
stitution deviated from the Vegard rule. At low substitution crystallinity of the hematites was improved whereas higher
substitution impeded crystal growth in the crystallographic z-direction as indicated by differential XRD line broadening.
At still higher Al addition crystal growth was strongly retarded. The initial Al-Fe coprecipitate behaved differently from
a mechanical mixture of the respective ““hydroxides’’ and was, therefore, considered an aluminous ferrihydrite.

Key Words—Aluminum, Ferrihydrite, Goethite, Hematite, Iron.

INTRODUCTION

Most pedogenic minerals form from solution. Parent
minerals continuously supply the necessary constitu-
ents to the soil solution from which the new minerals
are synthesized by precipitation. Because the soil so-
lution usually contains foreign ions and molecules, the
final nature of the pedogenic neoformation is often
markedly different from what would be expected from
a pure system with no extraneous components. For ex-
ample the mineral type and composition may be altered
or crystal development may be impeded in one or more
directions. In some cases complete inhibition of crys-
tallization may occur.

The effect of Al on the pedogenic formation of Fe-
oxides (=all compounds in the system Fe-O-H) gives
a good example of this influence of foreign ions in the
soil solution. Irrespective of whether the Si level is
above or below the limit (~1 ppm SiO,) for clay silicate
formation, any Al present in the system still exerts
some influence on the iron oxides being produced con-
currently.

Al substitution in sedimentary (Correns and Engel-
hardt, 1941) and soil goethites (Norrish and Taylor,
1961) is the best known example of this interaction of
Al on Fe-oxide formation. Aluminum-substituted he-
matites have been found in bauxites (Beneslavsky,
1957; Janot and Gibert, 1970; Perinet and Lafont, 1972,
1972a) and in soils (Nahon, 1976; Schwertmann et al.,
1977). Aluminum-substituted hematites have also been
synthesized by several workers, generally by heating
mixtures of freshly precipitated oxides at high temper-
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atures (~1000°C) (see v. Steinwehr, 1967) but only oc-
casionally at temperatures at or below 100°C by aging
coprecipitates under conditions more relevant to pedo-
genesis (Calliere et al., 1960; Gastuche et al., 1964,
Wolska, 1976).

This paper presents results of similar low tempera-
ture syntheses of aluminiferous hematites and discuss-
es the effect of Al on the formation and on the nature
and properties of synthetic Fe(IlI)oxides.

MATERIALS AND METHODS
Three aging series were prepared:

(1) Series 1: 5 mmoles of Fe + Al (from nitrates)
were coprecipitated with 0, 5, 15, and 30 mole % Al at
pH 7, washed salt free and kept for 34 days in 100 ml
water at 70°C at pH 5.5 and 7.0.

(2) Series 2: As before, but with 15 mmoles of Al +
Fe in 250 ml and 16 steps of Al addition between 0 and
35 mole % kept for 77 days at pH 7.

(3) Series 3: 5 moles of Fe as Fe(NOQ,), was added to
a standard solution of potassium aluminate in 10-3, and
102, and 10-' M KOH. In all cases the amount of Al
was at least half that of Fe so that changes in the Al
concentration during crystal growth would be slight. At
lower Al concentration the volume was, therefore, in-
creased. The samples were kept for 14 days at 70°C.

Samples were washed and dried at 60°C. Prior to fur-
ther analysis residual ferrihydrite was removed with pH
3.0 NH, oxalate and solid AI(OH), phases by a I-hr
treatment of 300 mg of sample with S N NaOH at 70°C.
Milder NaOH treatments were not successful as indi-
cated by XRD after treatment. The cell parameters of
hematites were calculated from d-spacings of the (300)
and the (214) X-ray powder diffraction peaks after cor-
rection by reference to the 2¢ value of the (511) peak
of admixed 20% Pb(NO,),. The peaks were recorded at
a goniometer speed of Y4°26/min. Due to strong line
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Figure 1. Al addition and Al substitution in synthetic hema-

tites.

broadening in many samples accuracy of line position
measurements is limited.

The widths at half height (WHH) were determined
for as many peaks as possible and these values were
empirically corrected for instrumental and a,-a, dis-
persion broadening by reference to the 2-WHH func-
tion of the well crystalline Pb(NO,), which exhibits no
line broadening due to particle size or disorder.

Differential thermograms of freshly precipitated fer-
rihydrites were run with a Linseis instrument using ap-
proximately 60-mg samples and a heating rate of 10°C/
min. The temperature was calibrated with KNO; and
quartz.

Fe and Al were determined by atomic absorption
both after dissolution in HCI for total compositions or
in pH 3.0 NH, oxalate for the selective dissolution of
ferrihydrite (Schwertmann, 1964).

RESULTS AND DISCUSSION
Mineralogy of the end product

As indicated by Fey/Fe, values which were <0.01,
crystallization of the Fe-oxides was essentially com-
plete in series 1 at 5 mole % Al addition after 34 days
and in series 2 at <10 mole % addition after 77 days
(Table 1). Only hematite was formed except at zero Al
addition where 10-20% goethite was formed as well.
An addition of only 1 mole % Al completely suppressed
the goethite. A suppressing effect of small amounts of
Al on goethite was also described by Gastuche et al.
(1964) and Wolska (1976).

At Al additions between 20 and 35 mole % Al, trans-
formation of ferrihydrite to hematite was increasingly
incomplete (see Fey/Fe, in Table 1) (Wolska, 1976).
Also, increasing amounts of bayerite and gibbsite were
formed. In series 1 crystallization is slower at pH 5.5
than at pH 7.

Because high alkalinity strongly favors goethite for-
mation from ferrihydrite, much higher Al concentra-
tions are necessary in KOH than in water to suppress
the goethite completely (series 3, Table 2). In 103 M
KOH pure hematite was only formed at >2.1073 M Al
whereas in 1072 M KOH goethite could always be de-
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Figure 2. Al substitution and a, parameter of synthetic
hematites.

tected up to an Al concentration of 10-2 M (Lewis and
Schwertmann, in prep.). As seen from the Fe/Fe, data
crystallization was much more complete than at pH 7
(series 1 and 2) in spite of higher Al concentrations but
a weak trend for a retarding influence of Al was also
noticeable from slightly increasing Fe,/Fe, values with
increasing Al concentration.

Aluminum substitution

The Al added and Al incorporated into the hematite
as determined chemically after removal of external Al
are closely related (Figure 1). The relationship is slight-
ly curved. At 18 mole % Al addition a maximum sub-

Table 1. Properties of aging products from Al ferrihydrite
after 77 days of aging at pH 7 and 70°C.
Properties of Al-hematite
Fe, Al, Al sub
Al added Miner- R stitution 1, MCD 1 001
mole % alogy"' Fe, Aly+ Fe, mole % (A) A)
0 Hg 0.005 — 0 5.0395 402
1 H 0.010 — 0.8 5.0353 534
2 H 0.006 — 1.8 5.0342 769
4 H 0.006 — 43 50328 549
6 H 0.007 — 5.3 5.0283 671
8 H 0.014 — 7.2 50255 509
10 H 0.008 — 9.5 5.0249 272
13 Hf 0.14 0.10 12.0 5.0210 n.d.
16 Hf 0.31 0.13 14.0 5.0171 73
18 H,F 0.48 0.15 15.4 5.0129 57
20 H,Fb,gi 0.56 0.15 10.6  5.0191 94
23 H(fb,gi 0.36 0.15 1.5  5.0210 n.d.
26 H,Fb,g 0.55 0.14 10.0 5.0182 n.d.
29 Hfb,g 0.20 0.15 12.7 5.0198 95
32 H,Fb,gi 0.41 0.17 11.0 5.0188 79
35 HfB,gi 0.23 0.17 11.0 5.0213 144

'H = hematite; g = geothite; F.f = ferrihydrite; gi = gibb-
site; B,b = bayerite. Capital letter indicates dominant, small
letters indicate subdominant.
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Figure 3. Al substitution and width at half height of the (104)

and (110) line of synthetic hematites.

stitution of about 16 mole % is reached (series 2). Above
18 mole % addition, crystalline A(OH); is formed as a
separate phase and the Al substitution falls off to a
somewhat lower but nearly constant value at about 11—
12%. A constant Al mole % of approximately 15% was
also found in the remaining ferrihydrite. The Al(OH),
phase obviously acts as a competitor for Al

The same upper limit of about 15% substitution was
also found in the 10~3 M KOH run of series 3 (Table 2).
This is not surprising because the Al added was always
greater than 18 mole %.

A similar upper limit of substitution (between 15 and
18%) was obtained by Muan and Gee (1956) and by v.
Steinwehr (1967) in hematites prepared at 1000°C. We-
fers (1967) found minimum a, (from 300) values of 5.012

Table 2. Properties of aging products from ferrihydrite in
10-'-10-3 M KOH aluminate solutions at 70°C after 14 days.

Experimental conditions Properties of end product

Al/Al+Fe
Al KOH AVAl+Fe mole % ag WHH?
conc. conc. mole % Miner- incor- of hem. (214)/
M M added FeyFe, alogy' porated (A) (300)
2-10% 10® 444 nd. Hg 149 5.020 1.30
3.0 10-* 37.5 0.09 H,(g) 140 5.020 1.28
4-103 10 444 0.11 Hgi 154 5.018 1.38
5-107% 107 50.0 0.06 Hgib 147 5017 1.49
2-107% 102 444 nd. GH 12.4 5.036 1.09
4-107 1072 444 0.004 Hg 11.6 5.034 1.03
6-1073 1072 545 002 H,g 12,7 5.030 1.13
8-107% 107 665 006 Hg 13.2 5.028 1.09
10-2 10* 66.7 0.08 H,g 13.9 5019 1.17
3-1072 10-* 75.0 nd. Hg 13.4 5.031 1.13
! See Table 1.

2 Width at half height.
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Figure 4. Relationship between width at half height and 1 in
(hkl) of synthetic hematites with varying Al substitution.

A at 250°C from which he probably underestimated Al
substitution to ~109 because of using the Vegard rule
{see below). The lowest a, found by Wolska (1976) was
also 5.012 A. It seems, therefore, that the hemitite
structure tolerates only half as much Al substitution as
the goethite structure where 33% seems to be an upper
limit (Thiel, 1963). This is confirmed by the 1072 M
KOH series in which, however, the Al content as de-
termined chemically cannot be used to measure sub-
stitution in hematite because Al substituted goethites
occur as an impurity. From the position of their (111)
line these goethites are more highly substituted (=30%)
than the hematites.

Unit-cell parameters of hematites

All the XRD lines measured show a consistent and
regular decrease of their corresponding d-spacings. The
same applies to the a, values as calculated from the
(300) line (Figure 2). The trend in the ¢, values is not as
clear and the scattering is much higher than with a,.
This is due mainly to the broadening of the (214) peak
used for calculation of c,.

In spite of the scattering, it appears that the decrease
in a, with increasing Al substitution is less than ex-
pected from a linear relationship between hematite and
corundum (Vegard rule). A consistent although smaller
deviation from the Vegard rule was also measured for
Al hematites produced at 1000°C (v. Steinwehr, 1967)
whereas for low temperature Al hematites Calliére et
al. (1960) and Wolska (1976) found an even higher and
nonlinear deviation. If real, this higher deviation must,
therefore, be due to the mode of formation at low tem-
perature. The geometrical and chemical reasons for a
deviation from the Vegard rule are extensively dis-
cussed by v. Steinwehr (1967).

Al substitution as taken from the unit cell parameter
only slightly increases with Al concentration in the 107°
K OH series but is more pronounced in the 1072 M KOH
series. Although the absorption bands are broadened,
preliminary IR measurements clearly indicate a trend
for a decrease in wave numbers of all three Fe-O vi-
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Figure 5. Relationship between mean crystallite dimension
(MCD) and 1 in (hkl) before and after angular correction
of synthetic hematites.

bration modes due to Al substitution. This means that
the absorption bands do not move towards corundum
{442, 569, 635 cm™1) as does the unit cell size. An ex-
planation for this (M. Sayin, pers. comm.) might be that
the smaller Al cation attracts O from the neighboring
Fe—Q;-octahedron thereby lengthening the Fe~O bond.

Crystallinity

The influence of Al on the crystallinity (morphology
and disorder) of hematites can be seen from a more de-
tailed consideration of the corrected XRD line width at
half height (WHH). The WHH of a particular line shows
an interesting dependance on Al substitution (Figure 3).
The WHH of all lines, irrespective of whether they cor-
respond to near-basal (104) or nonbasal (110) planes
show a minimum between 3 and 5% substitution. This
indicates that a certain, although low, substitution im-
proves crystallization. It suggests a lattice strain relief
through small amounts of the smaller Al cation in the
octahedral position. A similar observation was made
for synthetic goethites (to be published elsewhere). At
higher substitution, the lines become increasingly
broader.

From Figure 3 it also becomes obvious, that not all
the lines are equally broad. Such a differential line
broadening of hematites was noticed by Perinet and
Lafont (1972). A measurement of up to 16 lines shows
that line width of Al-substituted hematites but not of
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Figure 6. Al substitution and mean crystallite dimension
perpendicular to (001) of synthetic hematites.

unsubstituted ones increases significantly with increas-
ing 1 in (hkl) (Figure 4). This relationship can be inter-
preted simply as a reduced growth of the hematite crys-
tal in the z-direction in the presence of Al. The result
would be that a particular diffraction line is broader the
more it approaches (001), i.e., with increasing I in (hkI).
An analogous case was demonstrated by Klug and
Alexander (1974) for platy Ni(OH),.

Although aging time was shorter, differential line
broadening was less expressed (1072 M KOH) or even
absent (1072 M KOH) in series 3 indicating the better
conditions for crystallization at higher alkalinity (Table
2). In order to estimate the so-called mean crystallite
dimension (MCD) in the z-direction, i.¢., the thickness
of the plates, the Scherrer formula was used for 11 mea-
surable lines with 1 # 0 and the resulting MCD values
were corrected for their angular position with regard to
(001). This was simply done by multiplying MCD with
cos a where a is the angle between the plane chosen
and the 001 plane.?

As seen from Figure 5 the angular correction evens
out most of the dependence of MCD on 1 and yields

0.9:1-54.7
b-cos 8
where MCD is the mean crystallite dimension (A), A the wavelength
of X-radiation, b the corrected half width, 6 the Bragg angle of the
line used, and « the angle between the plane chosen and the 001 plane.

?MCD (001) = 0S a
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Figure 7. Electron micrographs of synthetic hematites of different Al substitution (mole %). 7a: 1.8; 7b: 0.8; 7¢c: 15.4;
7d: 13.4%.

similar MCD values for all lines. These MCD values
depended clearly on Al substitution (Figure 6) indicat-
ing that crystal growth is particularly influenced by Al
in the z-direction (the thickness of the plate), whereas
the growth in the x- and y-direction, i.e., the size of the
plate, is much less influenced. Again, a maximum oc-
curs between 3 and 5% substitution.

By contrast, an enhanced rather than a reduced

https://doi.org/10.1346/CCMN.1979.0270205 Published online by Cambridge University Press

growth of hematite in the z-direction which led to
needlelike crystals was found earlier and was probably
caused by blocking the prismatic faces through pref-
erential adsorption of citrate anions (Schwertmann et
al., 1968). A preferential adsorption of fulvic and humic
acid on prismatic faces of gibbsite was recently ob-
served by Parfitt et al. (1977).

The influence of Al on crystal growth is well reflected
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Table 3. Total and oxalate-soluble Fe and exothermic peak
temperature (DTA) of freshly precipitated aluminous ferri-
hydrite.!

Fe, (%) Fe,/Fe, Exothermic

Fe, peak tem-

Al perature
{mole %) (%) 2hr 5 min 2 hr 5 min °

V] 578 589 5241 1.02 090 316
5.5 50.3 50.8 422 1.01 0.84 384
10.6 52.5 524 396 1.00 0.76 438
152 459 458 398 1.00  0.87 474
17.5 43.6 429 328 098 0.75 514
20.8 445 438 30.5 098  0.69 564

! Fe, = total Fe; Fe, = oxalate-soluble Fe.

in electron micrographs. Platy crystals, 150-300 nm in
diameter with lobed but sharp edges prevail through-
out. They appear thicker at lower Al substitution (Fig-
ure 7a) but become increasingly thinner and larger as
substitution increases (Figures 7¢, d), illustrating the
preferential growth L to (001). At low substitution,
thicker and much smaller (50-100 nm) hexagonal or
rhombohedral plates with smooth edges occur in ad-
dition and also transitional forms with hexagonal out-
line but lobed edges (Figure 7b). A few lenticular crys-
tals uncommon for hematite were also formed (not
shown) in agreement with the results of Biais et al.
(1973).

Properties of the precursor: Al-ferrihydrite

The precursor of Al hematite appears to be an alu-
minous ferrihydrite although the existence of such a
phase has not yet been established. Indication from
XRD is difficult to obtain because of extremely low
crystallinity. However, as shown from Figure 8, fresh
coprecipitates of Al and Fe ‘*hydroxide’” show a strong
increase of the exothermic peak temperature with in-
creasing Al content from 316°C at zero Al to 564°C at
25 mole % added Al, whereas the endothermic peak
temperature is fairly constant (141-154°C). Also, the
exothermic peak becomes progressively weaker and
broader. This does not apply to mechanical mixtures
of these phases. A further shift of these peaks to even
higher temperatures (up to 650°C) occurred after 92
days of aging under water at pH 7, indicating further
stabilization of the aluminous ferrihydrites. During this
time a separate Al phase (mainly gibbsite) forms only
when =25 mole % Al is added.

The stabilizing effect of Al on ferrihydrite is also seen
from its oxalate solubility. Although still completely
soluble after 2 hr of extraction a much shorter extrac-
tion (5 min) shows a definite trend for lower solubility
of the freshly precipitated products with increasing Al
content (Table 3).

CONCLUSIONS

Generally, with increasing amounts of added Al, in-
creasing proportions are incorporated into the hematite
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Figure 8. DTA thermograms for Al ferrihydrites with in-

creasing Al content.

structure. However, for the same amount of added Al,
the extent of incorporation and the effect on crystalli-
zation varies with the form of Al and the pH of the sys-
tem. An effective way to incorporate Al is obviously to
start with a coprecipitate, i.e., with an aluminous fer-
rihydrite, and maintain a pH during aging close to min-
imum solubility, i.e., around pH 7-8. Aging at pH 4 or
in highly alkaline medium is less effective. Also, a sep-
arate solid Al phase, e.g., amorphous Al hydroxide,
gibbsite, or clay silicates, is less efficient in supplying
Al (to be published elsewhere). This indicates, in con-
nection with d.t.a. and solubility data (Table 1), that the
coprecipitate is not purely a mechanical mixture of the
respective oxides but possibly an Al-substituted ferri-
hydrite.

Goethite and hematite do not appear to form from
ferrihydrite by the same mechanism. Goethite is ap-
parently formed from Al-ferrihydrite through a solution
phase and can, therefore, incorporate Al from a sur-
rounding Al-containing solution (to be published else-
where). In contrast, it was shown earlier, that hematite
is nucleated and formed within ferrihydrite aggregates
(Fischer and Schwertmann, 1975). The presence of fer-
rihydrite around the growing hematite crystal appar-
ently isolates the crystal from the surrounding solution
so that Al from solution is less likely to be incorporated
into the growing crystal than Al coprecipitated with the
ferrihydrite.

At low substitution, Al seems to have a favorable
effect on crystallization, whereas increasing substitu-
tion leads to retarded growth in the z-direction and/or
structural disorder and finally inhibition or severe re-
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tardation of hematite crystallization. As found earlier
with citrate (Schwertmann et al., 1968) crystal mor-
phology is strongly influenced by Al through an alter-
ation of the relative growth rate along the various crys-
tallographic directions.

Experiments are under way to find out if surface
properties of Al substituted hematites such as zero
point of charge and specific adsorption are also influ-
enced by Al substitution.
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Pestome—I'ematuthl (Fe,_,Al,0,) ¢ 3aMewaloMM aniOMHHHEM ObLTM CHHTE3MPOBAHBI MYTEM COOCAXK-
neuns Fe—Al npu pH paguom 5,5 u 7,0 1 B 1071, 102, u 10-* M KOH npu 70°C. Bcero anmb 1 Monb-%
Al noaHOCTLIO Mofasisul reTut npu pH =7, B To Bpems kak B KOH neobxomumel Gosiee BbICOKHE
KoHueHTpauun Al. 3amemense Al, Kak onpefie/ISeTC XHMHYECKH H N0 JIHHEHHOMY CMEILIEHMIO B MeTofle
micdbpakuMn peHTreHoBCKEX ayyell (IPJI), 3aBucuT oT fobaBnenus Al po makcumym 16-17 mone-%.
COOTHOMLIEHHE MEXIY KPUCTaLIorpaMIeckKHM NapaMeTpoM a, H 3ameuieHHeM Al OTKIIOHSeTcs oT
npasuia Berapma. TIpH HA3KOM 3aMCIEHHM KPHCTA/UIHYHOCTh FEMATHTOB YAyYIHAnach B TO BpeMs
KaK nmpH Gonee 3HAYATENLHOM 3aMeLlEHMH pOCT KPHCTAANa NMPOMCXOJA/ B KPHCTALIOTpaduyecKkoM
Z-HampaBNeHHH, KaK CJeoBao H3 AucdepeHIHaNLHOTo THHEHHOTO paciuupenns 8 metone [IPJI. Tlpu
eie 6oJlee 3HAYMTELHOM fo0aBsenuii Al pocT KpHCTAIIOB pe3Ko 3aMeaics. M3HayaibHO COBMECTHO
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ocaxxaeHHblil Al-Fe Ben ce6s He TaK KaK MeXaHHYeCKas CMECh COOTBETCTBYIOIMX ‘‘THAPOOKHCEHR ' H,
TakuMm o6pa3oM, pacCMAaTpHBAETCA KaK aJlOMHHHEBEIH >KeIe30THADUT.
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Resiimee—Aus Fe—Al-Koprizipitaten wurden Al-substituierte Himatite (Fe,_,Al,O;) bei pH 5,5 und
7,0 und in 0,1, 0,01, und 0,001 M KOH bei 70°C synthetisiert. Nur | Mol-% Al geniigte, um bei pH 7
Goethit vollstindig zu unterdriicken, wahrend dazu in KOH sehr viel hohere Al-Konzentrationen
ndtig waren. Die Al-Substitution—chemisch und rontgenographisch bestimmt—war bis 16-17 Mol-%
mit der Al-Zugabe korreliert. Die Beziehung zwischen dem a, der Hamatitzelle und der Al-Substitution
wich von der Vegard-Regel ab. Bei tiefer Substitution wurde die Kristallinitéit der Himatite verbessert,
bei hoherer das Wachstum in der kristallographischen Z-Richtung behindert, angezeigt durch differ-
entielle Rontgenlinienvergreiterung. Bei noch hoherem Al-Zusatz wird die Kristallisation bei pH 7
sehr stark verzogert. Der Ausgangs-Koprizipitat verhielt sich anders als ein mechanisches Gemisch
der beiden Hydroxide und ist daher offenbar ein Al-substituierter Ferrihydrit.

Résumé—Des hématites substituées d’aluminium (Fe,_cAl,O,) ont été synthétisées de coprécipités de
Fe-Al a des pH de 5.5, 7.0, et 2 1071, 1072, et 10 M KOH & 70°C. Une mdle-% d’Al a suffi & compléte-
ment supprimer la goethite a un pH de 7, tandis que des concentrations plus élevées de Al étaient
nécéssaires pour KOH. La substitution d’Al déterminée chimiquement et par décalage de droite de
diffraction aux rayons-X est apparentée 2 1’addition d’Al jusqu’a un maximum de 16~17%. La parenté
entre le paramétre cristaliographique a, et la substitution d’Al a dévié de la régle de Vegard. A substitution
basse, la cristallinité des hématites était améliorée, tandis qu’a des niveaux de substitution plus élevés, la
croissance de cristaux était réprimée dans la direction cristallographique z, comme I'indique I’élargisse-
ment differentiel des droites de diffraction aux rayons-X.
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