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Abstract—The dissolution in 1 M HCI of Al-, Mn-, and Ni-substituted hematites and the influence of
metal substitution on dissolution rate and kinetics of dissolution were investigated. The inhomogeneous
dissolution of most of the hematites investigated was well described by the Avrami-Erofe’ev rate equation,
kt = \/[—ln(l — a)], where k is the dissolution rate in time, ¢, and a is the Fe dissolved. Dissolution of
Al-substituted hematite occurred mostly by edge attack and hole formation normal to (001), with the rate
of dissolution, k, directly related to surface area (SA). Dissolution of rhombohedral Mn- and Ni-bearing
hematites occurred at domain boundaries, crystal edges, and corners with k unrelated to SA. The mor-
phology of Mn- and Ni-substituted hematites changed during dissolution with clover-leaf-like forms de-
veloping as dissolution proceeded, whereas the original plate-like morphology of Al-bearing hematite was
generally retained. Acid attack of platy and rhomboidal hematite is influenced by the direct (e.g., metal-
oxygen bond energy, hematite crystallinity) and indirect (e.g., crystal size and shape) affects associated
with incorporation of foreign ions within hematite.

Key Words—Acid Dissolution, Activation Energy, Frequency Factor, Hematite, Iron Oxide, Metal Sub-
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INTRODUCTION

Goethite (a-FeOOH) and hematite (a-Fe,O;) are
two of the most commonly occurring Fe-oxides in
soils and sediments. These Fe-oxides act as sinks for
trace and heavy metals during soil formation (Kuhnel,
1987) so that during their dissolution in the soil Fe
and associated metal ions may be introduced into the
soil solution (Schwertmann and Taylor, 1989). This
process is of importance to fields as diverse as envi-
ronmental chemistry (Sulzberger et al., 1989;
Schwertmann, 1991) and geochemical exploration
(Sidhu er al., 1981). Acid and ligand dissolution of
Fe-oxides such as magnetite and hematite has also
been studied in relation to the descaling of reactor
cooling pipes (Segal and Sellers, 1981; Baumgartner
et al., 1983).

Numerous studies have investigated the dissolution
kinetics of natural and synthetic Fe-oxides to charac-
terize the mechanism of Fe-oxide dissolution in rela-
tion to chemical weathering and the rate of release of
trace metals into solution (Pryor and Evans, 1950;
Cornell et al, 1975; Sidhu et al., 1981; Cornell and
Schindler, 1987). The mechanisms of dissolution of
pure and Al-substituted, synthetic and natural goethite
in 1 M HCI solutions are well understood (Surana and
Warren, 1969; Cornell ez al., 1974, 1975, 1976;
Schwertmann, 1984; Cornell and Schindler, 1987).
The acid dissolution of goethite containing foreign
ions other than Al that replace Fe has also received
attention (Lim-Nunez and Gilkes, 1987).

Investigations of the acid (i.e., H*) dissolution of
hematite have mainly involved unsubstituted synthetic
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(Cornell and Giovanoli, 1993) and natural (Warren ef
al., 1969; Segal and Sellers, 1980) samples. It is only
recently that elements other than Al, such as Mn (Van-
denberghe et al., 1986) and Ni (Cornell ez al., 1992),
were also shown to replace Fe within hematite and
their influence on the mineralogical properties of he-
matite investigated. The dissolution of metal-substitut-
ed hematites in acid (H') media has, however, re-
ceived little attention. The present study investigates
the dissolution in HCI of a range of Al-, Mn-, and Ni-
substituted hematites.

MATERIALS AND METHODS

Pure and metal-substituted hematites were prepared
from (Al, Mn, Ni)-ferrihydrites based on the methods
of Fischer and Schwertmann (1975) and Schwertmann
and Murad (1983). Metal-ferrihydrites were prepared
from mixed Fe**-AP*, Fe’*-Mn?*, and Fe?*-Ni** ni-
trate solutions via addition of 4 M NH,OH to ~30%
excess of the stoichiometric gquantity required to co-
precipitate the metal-ferrihydrite gel. Nominal
amounts of mole% Al-, Mn-, and Ni-substitution are
given in Table 1. The gels were collected by centri-
fugation, washed three times with 200 mL deionized
water and transferred to 1.0-L stoppered-glass reagent
bottles and resuspended in 900 mL deionized (DI) wa-
ter adjusted to pH 7.5-8.0. The suspensions were aged
at 90°C for 14 d during which time the precipitates
were mixed each day and the pH readjusted to 7.5~
8.0 using either 0.2 M KOH or 0.5 M HCI. After ag-
ing, the solid material was washed with DI water and
dried from acetone at 40°C.
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Table 1. Mineral properties of metal-substituted hematites.
Initial mole Actual mole' Munsell color a < Wt. loss SA MCL, MCL,
% % (dry) (nm)* (nm)? (%) (m? g™") (nm) (nm)*
50 0 na 0.5030 (5) 1.3747 (8) na na 24.6 31.2 (1.0)
(Al
5 4.6 10R 4/8 0.5023 (5) 1.3732 (7 0.9 18 265 354 (6.5)
10 83 10R 4/8 0.5016 (5) 1.3716 (8) 2.1 24 234 19.3 (3.5)
15 13.4 10R 4/8 0.5011 (5) 1.3720 (8) 4.6 36 18.7 7.3 (1.9
20 15.0 10R 4/8 0.5008 (6) 1.3692 (15) 58 45 15.8 4.8 (0.9)
(Mn)
4 33 2.5YR 3/4 0.5033 (5) 1.3751 (7) 1.3 17 na 35.3 (20)
8 6.3 1.25YR 3/4 0.5036 (6) 1.3746 (10) 1.7 18 22.1 21.3 9.4)
(N
3 1.1 8.75R 4/8 0.5031 (5) 1.3757 (8) 1.3 16 37.6 26.7 (8.4)
5 1.8 8.75R 4/8 0.5035 (5) 1.3761 (7) 1.6 15 38.7 36.8 (20)
7 2.4 8.75R 4/8 0.5034 (5) 1.3763 (8) 1.7 14 59.6 41.2 (17)
15 6.0 8.75R 4/8 0.5040 (5) 1.3783 (8) 2.2 14 42.0 452 (17)

U mole % metal = [Me/(Me + Fe)] X 100.

2 Standard deviations for the last significant figure for unit-cell values are given in parentheses.

3 Weight loss determined for the interval 105-700°C.

4 Values in parentheses are the standard deviation of MCL,, values.
5 Control sample contains geothite also. All other samples are hematite only.

na: Data was not available.

Amorphous material was removed by two, 60-min
treatments with acid (pH 3.0) ammonium-oxalate ex-
tractions in the dark (McKeague and Day, 1966) using
a sample to solution ratio of 1:200. The samples were
washed thoroughly with DI water to remove salts and
again dried from acetone before further analysis.

X-ray diffraction (XRD) analysis was conducted us-
ing a Philips PW 1050 vertical goniometer with 1°
receiving and divergence slits and graphite diffracted-
beam monochromator with CuKea radiation. XRD pat-
terns were obtained by step-scanning powder samples
at 0.3 °26/min in 0.01 °26 steps at a counting time of
2 s/step, with 10% NaCl added as an internal standard,
for accurate determinations of spacings and line broad-
ening.

Unit-cell parameters were calculated from positions
of the (012), (104), (113), (024), (116), (018), (214),
and (300) reflections of hematite, and the least-squares
procedure of Novak and Colville (1989). The standard
deviations for a and ¢ dimensions determined in this
way were larger than those obtained by others, but
there were no anomalous Q values for the refined pat-
terns. Thus, the standard deviation must reflect the er-
ror associated with the measurement of d values of
broad reflections. The parameter Q (= 1/d%,,) is used
as an indication of any systematic errors (i.e., goni-
ometer misalignment) introduced in the unit-cell re-
finement (Novak and Colville, 1989).

The size of coherently diffracting domains (mean
coherence length, MCL) along the a and ¢ axes was
calculated from the Scherrer equation (Klug and Al-
exander, 1974) using a K value of 0.9 for those re-
flections corrected for line broadening. MCL, was ob-

tained from values of MCL,,,. Values of MCL, were
obtained by multiplication of MCD,;, by cos ), where
V¥ is the angle between the vector perpendicular to the
hkl plane and the [001] direction.

Surface areas of oxalate-treated hematites were ob-
tained using the (BET) N, single-point adsorption
method. Thermogravimetric analysis (TGA) was per-
formed using a Perkin Elmer TGS-2 thermo-balance.
Ten-milligram powdered samples were heated in a Pt
crucible from 60 to 700°C at 10°C/min under dry air
flowing at 15-20 mL/min. Munsell colors of oxalate-
treated hematites were recorded following the recom-
mendations of Melville and Atkinson (1985).

Sequential acid dissolution was conducted using 10-
mg samples in 22 mL of 1.0 M HCI in 25-mL poly-
thene vials. Acid aliquots were added using a cali-
brated dispenser. The suspensions were placed in a
controlled-environment incubator shaker and shaken at
400 cpm (cycles per minute). Previous work indicated
that for shaking speeds >200 cpm, dissolution is not
diffusion controlled and depends solely on the surface-
reaction rate (Cornell et al., 1974). Initially, 2-mL al-
iquots were withdrawn from the suspensions at se-
lected times using a calibrated pipette and filtered us-
ing 0.22-pm cellulose nitrate membranes. As dissolu-
tion continued for longer shaking times, 0.5-mL
aliquots were withdrawn, using a calibrated pipette for
analysis to maintain an adequate volume of acid. Pre-
vious dissolution studies used a solution to solid ratio
in the range 250-2000:1 (Cornell et al., 1974, 1992;
Sidhu et al, 1981; Lim-Nunez and Gilkes, 1987) to
ensure that dissolution was independent of the solution
to sample ratio (Cornell ez al., 1974; Sidhu er al,
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Table 2. Stereochemical properties of metal ions in octahe-
dral coordination.

Metal-oxygen Qctahedral Site-preference
bond energy lonic radius CFSE energy
lon I(kJ/mole) *(nm) ‘(k3/mole) YkJ/mole)
AP+ 512.1 0.0535 — —
Fe’* 390.4 0.0645 0 0
Mn3* 402.9 0.0645 150.6 105.9
Ni?* 382.0 0.069 123.8 95.4

' Handbook of Chemistry and Physics (1988).
2 Shannon (1976).
3 Burns (1970).

1981). The solution to solid ratio in the present study
was 2200:1. Determinations of dissolved Fe, Al, Mn,
and Ni were performed using a Perkin Elmer 403
atomic adsorption spectrophotometer (AAS). Sample
duplicates and blanks were included as a check on
reliability of the data.

Activation-energy (E) and frequency-factor (A) ki-
netic data were obtained from results for dissolution
at 40, 50, and 60°C. Much of the previous work re-
garding acid dissolution of Fe-oxides, such as goethite,
hematite, and magnetite, was conducted using ~1 M
HCI solutions at temperatures between 40-90°C (War-
ren et al., 1969; Cornell er al., 1974, 1975; 1976; Sid-
hu et al., 1981; Schwertmann, 1984). These conditions
were used because the reaction products are simple
and well understood, and so that dissolution experi-
ments can be completed within a reasonable time.
Similar conditions of temperature, acid type, and con-
centration (i.e., 1.0 M HCl) are used here to enable
comparisons with published data.

Transmission electron microscopy (TEM) of origi-
nal and partially dissolved (~35 mole % Fe) hematite
was performed using a Philips 430 analytical trans-
mission electron microscope (ATEM) operating at 300
kV. For TEM examination, samples were prepared by
air-drying suspensions onto carbon-coated copper
grids.

RESULTS AND DISCUSSION

Sample characterization

XRD analysis indicated that the unsubstituted con-
trol sample consisted of a mixture of goethite and he-
matite. The formation of goethite during hematite syn-
thesis has been previously reported (Johnston and
Lewis, 1983; Schwertmann and Murad, 1983), and this
sample was not used for further analysis except for
unit-cell parameter and crystallite-size determinations
(Table 1). XRD indicated that all metal-substituted
samples consisted of only monomineralic hematite, to
within the detection limit (~5%) of XRD analysis.

The unit-cell a value for unsubstituted hematite of
0.5030 nm is slightly smaller than some reported val-
ues (Schwertmann and Taylor, 1989). Unit-cell dimen-
sions of Al-rich hematites decreased with increasing
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Al substitution [a = 0.5029 — 1.42 X 1073 (mole %
Al), 12 = 0.990***; ¢ = 1.3746 — 2.97 X 10~* (mole
% Al), r* = 0.81** Table 1, where ** represents a
95% confidence level, and *** indicates a 99% con-
fidence level], which is consistent with incorporation
of the smaller AP’ ion (Table 2). Contraction of unit-
cell parameters is less than that predicted by the Ve-
gard relationship, which is consistent with reported
data for synthetic Al-substituted hematites (Schwert-
mann et al., 1979; DeGrave et al., 1988; Wells et al,,
1989). This difference is related partly to the presence
of structural defects and to incorporation of structural
H,O (Table 1), with OH™ replacing O%" ions (Stanjek
and Schwertmann, 1992). Unit-cell dimensions of Ni-
bearing hematite were positively related to Ni-substi-
tution [a = 0.5030 + 1.71 X 1073 (mole % Ni), r*> =
0.93**%; ¢ = 13749 ~ 5.77 X 107? (mole % Ni), r*
= (0.986*** Table 1], which is consistent with incor-
poration of the larger Ni?* ion (Table 2). A similar
increase in the a dimension was reported for synthetic
Ni-substituted hematites containing =7 mole % Ni
(Cornell et al., 1992). Incorporation of Ni** may in-
volve a coupled substitution with OH- replacing O~
ions, i.e., Fe,O, — Fe’*Ni>*O,0OH. This associates half
a mole of water with each mole of Ni. Thus, hematite
containing 6.0 mole % Ni, which is equivalent to 0.07
mole Ni/100 g, is associated with 2.2 wt. % H,O or
0.12 moles H,0/100 g.

Manganese-substituted hematites are dark reddish-
brown to dark red in color, and are much darker than
either Al- or Ni-substituted hematites (Table 1). Unit-
cell parameters of Mn-rich hematites were not signif-
icantly different from those for the unsubstituted con-
trol hematite (Table 1). This may be related to incor-
poration of Mn** within hematite; Mn?* and Fe** have
very similar ionic radii (Table 2). For hematite syn-
thesis, manganese was added as the manganous, Mn?",
ion. In the case of Mn-substituted goethite produced
from ferrihydrite, incorporation of Mn?* occurs via ox-
idation of surface adsorbed Mn?*-species (Giovanoli
and Cornell, 1992). Oxidation occurs at the surface of
goethite where highly charged Fe* ions catalyze the
oxidation of Mn?* to Mn** before incorporation (Da-
vies and Morgan, 1989). A similar mechanism may
have occurred for Mn to replace Fe in hematite.

Goethite cannot be distinguished from hematite in
the control samples because no discerning morpholo-
gies were identified in the TEM micrographs. Hema-
tite with low Al contents consisted of pseudo-hexag-
onal particles of ~140 nm in diameter (Figure 1). In-
corporation of 15 mole % Al resulted in preferential
crystal growth along the [100] direction (i.e., crystal
width) producing irregularly shaped, platy particles of
=900 nm in size, at the expense of crystal thickness
(Figure 1). Hematite containing low levels of Mn and
Ni consisted of small (~140-150 nm) subhedral, ag-
gregated particles. Larger amounts of Mn and Ni pro-
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100nm 100nm

Figure 1. Transmission electron micrographs of low (a) Al-, (c) Mn-, and (e) Ni-substituted hematite, and high (b) Al-, (d)
Mn-, and (f) Ni-substituted hematite. Owing to the plate-like nature of Al-substituted hematite only changes along the [100]
direction (i.e., crystal width) can be observed by TEM.
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Figure 2. Dissolution-time curves for % of total Fe dissolved for Al-, Mn-, and Ni-substituted hematites dissoived in 1 M
HCI at 60°C. For Al-bearing hematites (O) 4.6 mole %, (@) 8.3 mole %, ((J) 13.4 mole %, (M) 15.0 mole %; Mn-bearing
hematites (O) 3.3 mole %, (@) 6.3 mole %; Ni-bearing hematites (O) 1.1 mole %, (@) 1.8 mole %, ((I) 2.4 mole %, ()

6.0 mole %.

duced fewer irregularly shaped crystals with more
equant, rhomboidal forms of ~130 nm in size (Figure
1), which were similar in size to rhomboidal hematites
produced at pH 8-9 from ferrihydrite (Cornell and
Giovanoli, 1989, 1993).

Values of MCL of domains along the [100] direction
of Al-, Mn-, and Ni-substituted hematites (Table 1)
determined from XRD line-broadening measurements
were less than particle sizes as determined by TEM.
This suggests that hematite crystals contain many do-
mains with a substructure consisting of (several)
smaller (e.g., 30—40 nm, for hematite containing Ni)
crystallites or domains. The presence of such a sub-
structure could not be discerned from micrographs of
Mn- and Ni-substituted hematites or for hematite con-
taining 4.6 mole % Al (Figure 1). The mottled ap-
pearance of hematite containing 15 mole % Al (Figure
1b) may indicate the presence of a substructure, al-
though this may also be a relic feature inherited from
the primary structure of the precursor ferrihydrite
(Cornell et al., 1987).

Kinetics of acid dissolution

Dissolution curves obtained during the first 5-10 h
of dissolution for hematites with Al contents of 4.6
and 8.3 mole %, and Ni-substituted hematites showed
sigmoidal behavior. Thereafter, dissolution for all met-
al-substituted hematites followed a decelerating trend
to completion of the reaction (Figure 2). The data pre-
sented in Figure 2 are for dissolution at 60°C. Disso-
lution (i.e., % Fe dissolved versus time) curves for
metal-substituted hematites at 40 and 50°C also
showed similar decelerating trends (not shown).

Sigmoidal dissolution has been described for natural
(Warren et al., 1969; Warren and Roach, 1971) and
synthetic hematites (Azuma and Kametani, 1964; Cor-
nell and Giovanoli, 1993). The dissolution rate of he-
matite is considered independent of particle morphol-
ogy with sigmoidal dissolution attributed to the initial

slow reaction of dissolution sites (Cornell and Giov-
anoli, 1993).

The Cube Root Law (Cornell ef al., 1975) did not
apply to the dissolution of metal-substituted hematites
as samples showed sigmoidal or decelerating dissolu-
tion. This result implies that dissolution is either in-
congruent or that two (or more) discrete phases may
be present (Lim-Nunez and Gilkes, 1987). XRD and
thermal analysis, however, did not detect any addition-
al phases in these samples indicating that hematite dis-
solution was inhomogeneous.

Such dissolution behavior was successfully de-
scribed by the Avrami-Erofe’ev equation, kt =
\/[—ln(l — a)], where a is the fraction of Fe dissolved
at time ¢ (min) and k is the dissolution rate (min~!)
(Cornell and Giovanoli, 1993). The dissolution rate
may be conveniently obtained from the slope of the
plot of \/[—-ln(l — o)} versus time. This equation is
based on the assumption that dissolution is surface
controlled with random initiation of dissolution sites
(Cornell and Giovanoli, 1993). The Avrami-Erofe’ev
equation successfully described 87-100 mole % Fe (12
= 0.97) dissolved for Al-rich hematite and also ap-
plied to the initial 70-90 mole % Fe dissolved for Ni-
substituted hematite and hematite containing 6.3 mole
% WMn (Figure 3). However, the Avrami-Erofe’ev
equation did not apply to the dissolution of hematite
containing 3.3 mole % Mn (Figure 3).

The dissolution rate of Al-substituted hematites
showed a general increase with increasing amounts of
Al (Table 3). This rate occurred despite the larger Al-
O bond energy relative to the Fe-O bond (Table 2) and
may reflect the increase in SA of hematite (Table 1),
which would be susceptible to proton attack. By con-
trast, studies on the reductive dissolution of synthetic
hematites, with Al contents similar to the present
study, reported a decrease in the dissolution rate with
increasing Al substitution (Torrent et al., 1987). For
natural samples, reductive dissolution preferentially
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removes hematite with low amounts of Al relative to
goethite with high Al contents (Macedo and Bryant,
1989; Jeanroy et al., 1991). This result, in light of the
present work, suggests that for the reductive dissolu-
tion of Al-rich hematite the detachment of Al is the
rate-limiting step; the rate of reductive dissolution is
not influenced by effects of the substitution of Al on
the size or shape of hematite (i.e., the greater the Al
content the slower the dissolution). Dissolution rates
for Ni-bearing hematites were unrelated to increasing
amounts of Ni (Table 3).

Sigmoidal dissolution-time curves may also be de-
scribed by the equation of Kabai (1973), C = 1 —
e Ko, where C is the fraction of Fe dissolved at time
t, and K and o are constants. This equation is an ex-
tension of the pseudomonomeolecular-reaction equation
where a becomes unity (Schwertmann et al, 1985).
The equation of Kabai (1973) in its linear form, Inln{1/
(1 — O] =1InK + a lnt, better described the disso-
Iution of most Mn- and Ni-substituted hematite than
the Avrami-Erofe’ev equation, but it did not extend to
Al-substituted hematites or hematite containing 3.3
mole % Mn (Figure 4).

The dissolution rate, k, for Al-substituted hematite
derived from the Avrami-Erofe’ev equation was pos-
itively related to surface area (Table 3). In contrast,
dissolution rates for Ni-rich hematite, derived from the
Kabai and Avrami-Erofe’ev equations, were not relat-
ed to surface area (Table 3). This result differs from
that for unsubstituted hematites where dissolution was
independent of morphology with k being directly pro-
portional to SA (Cornell and Giovanoli, 1993).

Activation energy and frequency factor

Activation-energy (E) and frequency-factor (A) val-
ues for substituted hematites were derived from the
Arrhenius equation, in linearized form, In K2 = In A
— E/RT, with R the universal gas constant, K2 a rate
constant, and T the absolute temperature (Table 3). For
the acid dissolution of Fe-oxides, E relates to the ionic
properties of Fe and the substituent element, including
such properties as electronegativity, bond strength, and
ionic potential. The frequency factor incorporates the
effects of acid concentration, density of dissolution
sites over the crystal surface and, for dissolution in
HC1, a CI- adsorption factor (Cornell ez al., 1974). The
rate constant K2, with units gFe/m?*h, was derived
from the initial portion (i.e., <5 mole % Fe dissolved)

«—

Figure 3. Linearized plots of % of total Fe dissolved versus
time for Al-, Mn-, and Ni-substituted hematites fitted to the
Avrami-Erofe’ev equation. An arrow indicates the percentage
dissolution at which dissolution kinetics may cease to be fully
described by the equation. All fitted lines to this point have
r? values of =0.97. An interpolated line is fitted to the dis-
solution data for hematite containing 6.3 mole % Mn.
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Table 3. Dissolution parameters, k and k2, for dissolution-times curves at 60°C for Al-, Mn-, and Ni-substituted hematites
fitted to the Avrami-Erove’ev rate equation, and activation-energy (E) and frequency-factor (A) values.

?Regression

*Regression

E A
(kJ/mole) (gFe/m?/h)

Sample k (min) X 10* k2 (min~' m?) X 10° coefficient coefficient
Al; 4.6% 0.796 0.044 (.92%:x4 0.86%5 75.5 396 X 108
8.3% 0.645 0.026 85.1 598 x 10°
13.4% 2.99 0.082 76.1 1.03 x 10°
15.0% 3.53 0.079 66.1 234 X 107
Mn; 3.3% 2.03 0.118 — — 82.2 1.52 X 10
6.3% 0.498 0.028 84.1 2.04 X 10
Ni; 1.1% 1.75 0.106 0.02 0.19 71.0 1.18 X 108
1.8% 2.34 0.156 733 431 X 108
2.4% 2.40 0.172 81.6 1.17 X 10
6.0% 1.49 0.108 85.6 3.54 X 10

! Dissolution rate independent of surface area (i.e., k2 = k/SA).

2 Coefficient for the regression of k vs. SA.

3 Coefficient for the regression of K, derived from dissolution-time curves of metal-hematites fitted to the equation of Kabai

(1973), versus SA.
4 **%95% confidence limit.
3 *90% confidence limit.

of the hematite dissolution-time curves (Figure 2),
where the dissolution rate should not be greatly af-
fected by changes in crystal morphology (i.e., SA).
The rate of hematite dissolution increased with in-
creasing temperature (i.e., from 40 to 60°C); the fol-
lowing discussion is only for dissolution at 60°C. Val-
ues of E and A were obtained graphically from the
slope and intercept, respectively, of plots of InK2 vs.
1/T, with r? values =0.91 (data not shown).

Activation-energy values for hematite of the present
study are similar to reported values of 94.6-97.9 kl/
mole for the dissolution of synthetic and natural he-
matites (Azuma and Kametani, 1964; Warren and
Roach, 1971; Sidhu et al., 1981), although values as
low as 41.8 kJ/mole were reported (Krestov et al.,
1973).

Changes in the activation energy of hematites relat-
ing to incorporation of Al were non-systematic and
therefore, did not simply reflect the larger Al-O bond
energy relative to the Fe-O bond or other stereochem-
ical parameters (Table 2). The trend in E values with
Al content may reflect a structural order/disorder ef-
fect. Maximum values of E occurred for Al contents
of ~8 mole % (Table 3). The dissolution rates, k and
k2, were also at a minimum for this amount of Al
substitution (Table 3). Incorporation of 5-8 mole % Al
increased grain and crystallite size along the [100] and
[001] directions (Table 1) and therefore, presumably,
increased hematite crystallinity (i.e., structural order)
associated with fewer structural defects. The result is
an increase in activation energy and a reduction in the
rate of hematite dissolution. A similar increase in he-
matite crystallinity was reported for other synthetic he-
matites containing ~5 mole % Al and is considered a
consequence of the reduction in lattice-strain energy
relating to incorporation of the smailer AI** ion within
hematite (Schwertmann et al, 1979). A similar effect

was also reported for synthetic goethite containing
~4-5 mole % Al (Schwertmann et al., 1985).

Activation-energy values for Ni-substituted hema-
tite increased systematically with the incorporation of
Ni (E = 16.7 + 0.67 (mole % Ni), r* = 0.77). This is
not consistent with the smaller Ni-O bond energy rel-
ative to the Fe-O bond (Table 2) and may reflect the
influence of other stereochemical properties of Ni®* as
well as the effect of the coupled substitution discussed
above. Alternatively, the increase in E (Table 3) may
reflect the improved structural ordering of Ni-substi-
tuted hematite as indicated by the increase in crystal-
lite size along the [100] and [001] directions with in-
creasing Ni content (Table 1).

Frequency-factor values for Mn-substituted hema-
tites and for hematite containing 2.4 and 6.0 mole %
Ni were comparable to values of A reported for syn-
thetic hematite (A = 2.1 X 10'° gFe/m*h), of a similar
size and shape, dissolved in 0.5 M HCI (Sidhu et al,
1981). Values of A for Al- and Ni-bearing hematites
varied by up to several orders of magnitude (Table 3).
Similar variations in the magnitude of A were reported
for synthetic goethites with Cr contents of =12 mole
% (Lim-Nunez and Gilkes, 1987). In this case, the
high A values were related to extensive etch-pit de-
velopment during goethite dissolution.

Frequency-factor values for Al-, Mn-, and Ni-bear-
ing hematite followed a trend similar to the changes
in E (Table 3) with increasing metal content. The high
frequency factor for hematite containing 8.3 mole %
Al was not sufficient to offset the high activation en-
ergy for this sample, which had the lowest rate of dis-
solution (Table 3). The same result was shown for he-
matites containing 6.3 and 6.0 mole % Mn and Ni,
respectively (Table 3).

Frequency-factor values for Al- and Ni-substituted
hematite were unrelated to surface-area or other crys-
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Figure 4. Linearized plots of the percentage of total Fe dis-
solved versus time for metal-substituted hematites fitted to
the rate equation of Kabai (1973). An arrow indicates the
percentage dissolution at which dissolution kinetics may
cease to be fully described by the equation.
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tal-shape parameters (e.g., MCL,, MCL,). This result
may reflect differences in the mode of acid attack of
platy Al-bearing hematites as compared to equant Ni-
(and Mn) substituted hematites. Hematite containing
Al shows a morphology with predominantly basal
(e.g., 001) crystal surfaces, whereas Mn- and Ni-bear-
ing hematite shows mainly non-basal (e.g., 110) and
basal surfaces (Figure 1).

Phosphate-adsorption studies (Barrén et al., 1988;
Colombo et al., 1994) and microscopic examination of
partially dissolved, unsubstituted synthetic and natural
specular hematite have shown that basal (001) and
near-basal (104) faces, having two- and three-fold co-
ordinated surface-OH groups, were relatively unreac-
tive compared to non-basal, prismatic faces (Hendew-
erk et al., 1986; Maurice et al,, 1995). Mono-coordi-
nated OH-surface groups present over non-basal (110)
faces represent energetically more favorable sites for
hematite dissolution (Barrén et al., 1988; Cornell and
Giovanoli, 1993). The difference in morphology (i.e.,
aspect ratio) between platy and rhomboidal particles
and presumably, difference in the number and nature
of surface sites active in dissolution may account for
variations in frequency factors between hematite con-
taining Al and Mn- or Ni-substituted hematite. Fre-
quency-factor values for Al-substituted hematite, with
predominantly basal surfaces of less reactive dissolu-
tion sites, decreased with increasing Al content. In
contrast, Mn- and Ni-substituted hematites, which
show a rhomboidal crystal form with energetically
more favorable sites for dissolution, showed an in-
crease in values of A with increasing Mn and Ni con-
tents.

TEM examination

Electron microscopic examination (Figure 5) of par-
tially dissolved (~35 mole % Fe dissolved) Al-bearing
hematite showed that dissolution mostly occurred at
sites on basal surfaces with pit and hole formation de-
veloping normal to the basal surface (i.e., parallel to
the [001] direction) for hematite with a low Al content
(Figure 5a and 5b). Similar hole formation was noted
for platy soil hematite (Schwertmann, 1991) and syn-
thetic hematite (Cornell and Giovanoli, 1993), and was
thought to be initiated at screw-dislocation sites dis-
tributed over the basal surface (Sunagawa, 1962; Cor-
nell and Giovanoli, 1993). Dissolution of hematite
containing 15 mole % Al occurred mostly by edge
attack (Figure 5c). The change in morphology of par-
tially dissolved Al-bearing hematite owing to hole for-
mation and micro-fracture development would in-
crease the surface area exposed to proton attack there-
by accelerating the rate of dissolution, which accounts
for the dissolution curves (Figure 2).

Dissolution of rhomboidal Mn- and Ni-substituted
hematite involved the rounding of corners and edges
producing ‘clover-leaf-like’ forms (Figure 5). This ap-
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pears to have resulted from preferred dissolution oc-
curring at domain boundaries and by edge attack. Dis-
solution channels also developed, possibly occurring
along micro-fractures, at areas of strain, or at domain
boundaries (Figure 5g). Features such as twin bound-
aries, kinks, micro-fractures, and dislocations repre-
sent more active sites for dissolution (Berner, 1978;
Meike, 1990). This change in morphology for Mn- and
Ni-containing hematites during dissolution would also
have increased the surface area susceptible to acid at-
tack and explains the inhomogeneous dissolution (Fig-

ure 2). TEM micrographs of hematite after longer pe-

riods of dissolution are unavailable.

Recent microtopographical examination of specular
hematite, using atomic force microscopy (AFM) and
scanning tunnelling microscopy (STM), revealed the
presence of etch pits and steps on basal surfaces with
steps occurring every 2.0-3.0 nm (Heil ez al., 1989;
Johnsson et al., 1991; Eggleston and Hochella, 1992).
Step edges develop parallel to the main crystal edge
with step heights being typically one to two oxygen
atomic layers high (Johnsson et al., 1991).

High resolution TEM (HRTEM) of partially dis-
solved (~35 mole % Fe dissolved) Ni-substituted he-
matite showed the presence of similar features devel-
oped at crystal edges (Figure 5j). These step-terrace
sequences have one step occurring every 2.2-3.2 nm.
These sequences are consistent with reported obser-
vations (Heil ef al,, 1989; Johnsson et al, 1991; Eg-
gleston and Hochella, 1992), and were not evenly de-
veloped over the crystal surface (Figure 5j). AFM ex-
amination of partially dissolved synthetic hematites
also showed dissolution occurring at step edges and
via etch-pit formation (Maurice et al., 1995).

Lattice imaging of step-terrace sequences has indi-
cated that O?~ ions at the hematite surface may relax
to form a regular hexagonal array at step-edge termi-
nations (Johnsson et al., 1991; Eggleston and Hoch-
ella, 1992). Such a relaxation mechanism may explain
preferential dissolution at corners and crystal edges.
Relaxation of the bulk hematite structure at step-edge
terminations, which are regions of incomplete coor-
dination, may involve a localized reduction in activa-
tion energy and/or an increased density of dissolution
sites so that preferential dissolution proceeds along a
continually retreating step edge.
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Metal distribution in hematite

Plots of the % metal (Me) dissolved versus % Fe
dissolved during dissolution provides an indirect mea-
sure of the distribution of metal ions within the struc-
ture of Fe oxides (Sidhu et al., 1981; Lim-Nunez and
Gilkes, 1987; Cornell et al., 1992). Convex or concave
% Me:% Fe curves indicate accumulation of the in-
corporated metal at the surface or towards the center
of Fe-oxide crystals, respectively. A straight line of
unit slope intersecting the origin suggests that metal
ions are uniformly incorporated within the Fe oxide
(Sidhu et al., 1981).

The concave % Al:% Fe curve for hematite con-
taining 4.6 mole % Al indicates that Al tends to be
concentrated towards the center relative to the surface
of hematite particles (Figure 6). As the amount of Al
substitution increased, Al is more uniformly distrib-
uted within hematite (Figure 6). Manganese and nickel
were nearly uniformly distributed (Figure 6), so that
the anisotropic dissolution of these hematites is not
associated with local concentrations of these metals at
crystal surfaces or at intergrain boundaries. Cornell et
al. (1992) also demonstrated the near uniform incor-
poration of Ni in hematite prepared under conditions
similar to those used here.

For hematite formed by the oxidation of Mn- and
Ni-substituted magnetite, Mn also was nearly uniform-
ly distributed within hematite, whereas Ni was con-
centrated near the surface of hematite (Sidhu et al.,
1980). This difference for Ni indicates an influence of
synthesis procedure. During the oxidation of Ni-sub-
stituted magnetite via the reaction, Ni-rich magnetite
220C Ni-rich maghemite %%C Ni-rich hematite (Sidhu et
al., 1980), surface concentration of Ni for such he-
matites may result from the induced high-temperature
diffusion of Ni’* ions to the surface of the crystals.
The increased crystallinity (i.e., improved structural
order) of ‘heat-treated’ or annealed hematite may
cause the structure to be less accommodating of Ni
than for hematite produced at room temperature from
Ni-rich ferrihydrite.

The tendency of metal ions to be uniformly concen-
trated within hematite provides a measure of the ease
of incorporation during hematite synthesis. Incorpo-
ration of metal ions within hematite, formed by a sol-

—

Figure 5.

Transmission electron micrographs of partially dissolved (i.e., ~35 mole % Fe dissolved) (a,b) low Al-, (c) high

Al-; (d) low Mn-, (e) high Mn-; (f,g) low Ni-, and (h,i,j) high Ni-substituted hematites. Preferential dissolution of hematite
containing 15.0 mole % Al involved the etching of micro-fractures (c-arrowed). Hole formation parallel to the [001] direction
occurred for hematite with an Al content of 4.6 mole % (note arrow in b). Dissolution of more equant hematite containing
6.0 mole % Ni at domain boundaries resulted in formation of ‘clover-leaf-like’ forms (note arrows in i), or particles having
lobed crystal edges as shown for hematite containing Mn (d,e). Development of micro-fissures at domain boundaries for
hematites with 1.1 mole % Ni is also evident (note arrow in g). HRTEM of hematite with 6.0 mole % Ni (j) shows development
of step-terrace sequences, which may act as sites of preferred dissolution.
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id-solution reaction within ferrihydrite, is influenced
inter alia, by the various ionic properties of the ions
including size, electronegativity, and crystal-field sta-
bilization energy (CFSE). At low metal contents of
~5-6 mole %, the sequence of metal incorporation
within hematite is: (Fe) > Al > Mn = Ni, with Al
and, to a minor extent, Mn being relatively concen-
trated towards the center of crystals. As the amount of
metal substitution increases, Al, Mn, and Ni are uni-
formly incorporated within hematite (Figure 6). This
result is somewhat unexpected for Ni. Favorable CFSE
and octahedral site-preference energies of Ni>* may
have opposed the effects of the smaller ionic charge
and larger size of Ni** relative to Fe* (Table 3), which
results in the near uniform distribution of Ni?* within
hematite.

CONCLUSIONS

Changes in unit-cell dimensions of hematite result-
ing from the incorporation of AlI**, Mn3*, and Ni**
were consistent with the size of the ion that replaced
Fe’*. These ions were essentially uniformly incorpo-
rated within hematite so that the incongruent dissolu-
tion of Al-, Mn-, and Ni-substituted hematite did not
result from localized concentrations of substituents
acting as nuclei for dissolution at surface sites of sub-
grain boundaries.

The Cube Root Law and the rate equation of Kabai
(1973) did not apply to the dissolution metal-substi-
tuted hematite in the present study. Instead, the Avra-
mi-Erofe’ev rate equation successfully described the
incongruent dissolution of most of the Al-, Mn-, and
Ni-substituted hematites investigated. The dissolution
rate, k, derived from the Avrami-Erofe’ev equation, of
hematite containing Al was positively related to SA,
whereas the rate of dissolution for Mn- and Ni-substi-
tuted hematites was unrelated to SA. This is in contrast

to the findings of previous investigations where the
dissolution rate of hematite was independent of mor-
phology, with k directly proportional to SA (Cornell
and Giovanoli, 1993). The plate-like morphology of
Al-substituted hematite was essentially unchanged
during the initial stage of dissolution (i.e., ~35 mole
% Fe dissolved). Instead, dissolution of original,
rhomboidal Mn- and Ni-bearing hematites produced
‘clover-leaf-like’ forms. Hematite with essentially the
same SA had distinctly different rates of dissolution.

Dissolution of metal-substituted hematites was not
simply controlled by surface area per se, but was me-
diated by the combined influence of direct (i.e., metal-
oxygen bond energy, crystallinity) and indirect (i.e.,
crystal size and shape) affects associated with incor-
poration of metal ions within hematite. Differences in
the rate and mode of acid attack relate to the nature
(i.e., coordination) of reactive sites on different crystal
surfaces of Al- and Ni-substituted hematites. Devel-
opment of non-basal (e.g., 110) faces, with sites more
energetically favorable for dissolution were reflected
in the very high frequency-factor values for hematite
containing Ni (and Mn). The low frequency-factor val-
ues for Al-substituted hematite reflected their plate-
like morphology, consisting of predominantly basal
(i.e., 001) surfaces with sites relatively unreactive to
acid attack. However, the high SA and poorer crystal-
linity of Al-bearing hematites resulted in a low acti-
vation energy despite the larger Al-O bond energy,
with the overall effect of increasing the rate of disso-
lution.
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