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The transformation processes from Al-doped ferrihydrites prepared by two procedures (subsequent pre-
cipitation (SP) and co-precipitation (CP)) to hematite in the presence or absence of trace Fe(II) have
been investigated. The products have been characterized by X-ray diffraction (XRD), scanning electron
microscopy (SEM), and X-ray photoelectron spectroscopy (XPS), as well as by a kinetic dissolution process
in HCl solution. It was found that Al-doped ferrihydrite prepared by the SP method could be transformed
l-doped ferrihydrite
iscoid �-Fe2O3

ntroduction procedures
e(II)

into hematite more easily than that prepared by the CP method in the absence of Fe(II), whereas the oppo-
site was true in the presence of trace Fe(II). The transformation process without Fe(II) was completed
through a solid-state transformation mechanism. However, in the transformation process with trace
Fe(II), both the dissolution re-precipitation mechanism and the solid-state transformation mechanism
operate simultaneously, with the former predominating, especially at a high nAl(III)/nFe(III) molar ratio. In
addition, the present investigation has provided a pathway for the synthesis of discoid Al-doped hematite

f Al3+
particles, and the effect o

. Introduction

The structural, magnetic, electronic, and catalytic properties of
any materials are strongly size/shape dependent at the nanome-

er level [1]. Therefore, studies on shape-controlled syntheses of
anomaterials are of great interest and are actively being pursued.

n fact, as might be expected, �-Fe2O3 structures with various
orphologies have a wide variety of potential applications, for

xample in sensors [2,3] or catalysts [4]. To date, hematite par-
icles with various morphologies, such as ellipsoids, rods, tubes,
isks, dendrites, flowers, etc., have already been synthesized by
arious methods [1,5–12]. As for the preparation route in solution,
norganic and organic additives and the acidity of the reaction
ystem appear to be main factors that influence the shape [13].
or example, Ocana et al. [9] studied the formation mechanism

f ellipsoidal hematite particles in solution. They proposed that
O4

3− ions were adsorbed on surface planes parallel to the c axis
f hematite nuclei, which resulted in the growth of anisometric
rimary particles and producing the final ellipsoidal particles.
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ions on the formation of discoid hematite particles is also discussed.
© 2009 Elsevier B.V. All rights reserved.

Sugimoto et al. [14] deduced that the adsorption of chloride
and/or chloroferric complexes on the {0 1 2} faces of hematite
restrained the growth in the directions normal to the {0 1 2}
faces, which resulted in the formation of pseudo-cubic hematite.
The adsorption of sulfate ions retarded growth in the directions
normal to the c axis and forced the hematite crystals to grow into
a peanut shape [15]. Besides inorganic anions, organic additives
also can be used as a shape controller to form hematite particles
with different shapes. Sugimoto et al. [11] found that 1,4- and
1,2-dihydroxybenzenes could produce ellipsoidal hematite parti-
cles, while 1,3-dihydroxybenzene had no effect on the shape of
hematite. Gao et al. [16] prepared ellipsoidal hematite particles
by introducing glycine. The flower-like �-Fe2O3 nanostructures
were synthesized by using poly(ethyleneglycol) as a soft-template
[17]. Shuttle-like �-Fe2O3 nanoparticles were synthesized via a
soft-template route using polyethylene glycol (PEG) as polymer,
cetyltrimethylammonium bromide (CTAB) as surfactant and
FeCl3·6H2O as iron source materials [18]. Generally speaking, the
formation of hematite with different shapes was attributed to the
specific adsorption of various additives onto certain crystal faces.
In addition, the acidity of the reaction system also significantly
affects the morphology of hematite particles. Our earlier results

[19] showed that pseudo-cubic hematite particles were obtained
at a lower pH (e.g. pH 2) and pseudo-spherical hematite parti-
cles were formed at a weak alkaline pH in Cl− medium. Wang
and co-workers [20] explored pH value-dependant growth of
�-Fe2O3 hierarchical nanostructures. They synthesized two kinds

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:liuhuicn@126.com
mailto:houdenglu@mail.hebtu.edu.cn
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f �-Fe2O3 particles, i.e. three-dimensional houseleek-like and
wo-dimensional snowflake-like dendrites by changing pH
alue.

It is noteworthy that much research focused on the effect of
nions or organic additives on the shape of hematite while rela-
ively little work has been carried out with regard to the influence of
he cation. Liu and Osseo-Asare found that aluminum substitution
an provide an additional means of shape modification in the pro-
uction of hematite particles by the sol–gel process [21], whereby
eanut-shaped hematite particles were prepared by aging Fe(III)
nd Al(III) hydroxide suspensions at Al/(Al + Fe) molar ratios of
.14–0.2 and 100 ◦C for 8 days. The influence of aluminum was also

nvestigated by Schwertmann, Wolska, and co-workers [22–24].
hey found that Al substitution inhibited the growth of hematite in
he c-direction.

In recent years, our group has explored the transformation from
errihydrite to various iron oxyhydroxides or oxides in the presence
f trace Fe(II) [25–27]. It has been found that Al-free ferrihydrite
ould be rapidly transformed into spherical nanosized hematite
articles in the presence of trace Fe(II) (nFe(II)/nFe(III) = 0.02). How-
ver, discoid hematite particles were obtained when Al-doped
errihydrite was used as a precursor. More interestingly, we found
hat not only was there a great difference in the transformation of
o-precipitated and subsequently precipitated Al, Fe hydroxides,
ut the transformation mechanism in the presence of Fe(II) was
lso different from that in the absence of Fe(II). Comparing with the
esults obtained by Liu and Osseo-Asare [21], our transformation
ime is much shorter than theirs and the morphology of hematite
articles is very different. The difference in pH between the two
ystems is probably responsible for the above results. The aim of
his study has been to explore the formation mechanism of discoid
l-substituted hematite particles in both the presence and absence
f Fe(II). The results obtained in the present system further indi-
ate the diversity and complexity of iron (hydr)oxide family. Minor
hange in the experimental condition could probably result in a
ajor change in the morphology of the products. It is prospective

hat the results in our present investigation would be helpful to the
reparation of other metal oxides.

. Experimental

.1. Synthesis of samples

All chemicals were analytical grade, purchased from the com-
ercial market, and used without further purification before

tilization. The ferric salt (FeCl3·6H2O) solutions were filtered
hrough a 0.22 �m millipore filter to remove any particulate con-
aminants before utilization.

Al-doped ferrihydrite was prepared by the following two pro-
edures.

1) NaOH solution (6.0 mol/L) was added dropwise to 50 mL of
Fe(III) solution (1.0 mol/L) under vigorous stirring to adjust the
pH to 9. A brown slurry was formed (XRD showed the two-
line spectrum of ferrihydrite). Subsequently, Al(III) solution
(nAl/nFe(III) = 0.02–0.14) was added to the suspension and the
pH was again adjusted to 9. The mixture, which was termed
“subsequently precipitated Al-doped ferrihydrite” (SP Al-doped
ferrihydrite), was stirred for an additional 10 min. Trace Fe(II)
solution (nFe(II)/nFe(III) = 0.02) was then added to the system and

the suspension was again adjusted to pH 9 with dilute NaOH
solution and at the same time the total volume of the system
was adjusted to 100 mL.

2) 25 mL of Fe(III) solution (2.0 mol/L) was mixed with Al(III)
solution (1.0 mol/L, nAl/nFe(III) = 0.02–0.14) and the total vol-
Fig. 1. The schemes of CP and SP procedures.

ume was adjusted to 50 mL with distilled water. NaOH solution
(6.0 mol/L) was added dropwise to the above solution under
vigorous stirring to adjust the pH to 9, and the agitation was
continued for an additional 10 min. This preparation procedure
is termed “co-precipitation” (CP) and the Al-doped ferrihydrite
is referred to as “CP Al-doped ferrihydrite”. The subsequent
procedures were the same as in Procedure 1.

The experiments were carried out under nitrogen gas and
oxygen-free distilled water was used in all stages. The suspen-
sions obtained in the above two systems were heated to boiling and
maintained under reflux under vigorous stirring for predetermined
times ranging from 1.5 h to 48 h. The products were collected by
centrifugation, washed thoroughly with distilled water, and dried
at 70–80 ◦C.

The schemes of the two procedures were shown in Fig. 1.
Dissolution experiment of Al-doped hematite in HCl solution:

0.18 g of Al-doped hematite was added to 150 mL of HCl solution
(3.0 mol/L) at 50 ◦C under vigorous stirring. Aliquots (8 mL) were
sampled at specified intervals and centrifuged. The concentrations
of Fe(III) and Al(III) ions in the supernatant were determined by
means of emission spectrometry (inductively-coupled plasma, ICP).
2.2. Characterization

The powder X-ray diffraction (XRD) was performed by using a
Bruker diffractometer D8 ADVANCE equipped with a Cu K� radi-
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tion. Particle size and morphology were determined on a Hitachi
-9000 transmission electron microscopy (TEM) and S-570 scan-
ing electron microscopy. Differential scanning calorimetry (DSC)
as performed using a NETZSCH STA 449F3 instrument. DSC curves
ere recorded by increasing the temperature from room tem-
erature to 800 ◦C at a rate of 10 ◦C/min. Al and Fe contents in
he products were analyzed with ICP-ULTIMA. X-ray photoelec-
ron spectroscopy (XPS) measurements (MKII VG Company) were
mployed to gain further insight into the effect of Al ions on the
hape of hematite particles.

. Results and discussion

.1. The effect of the introduction procedures of Al(III) on the
ransformation of ferrihydrite

Figs. 2 and 3 show the XRD patterns and SEM images of the
roducts obtained by refluxing SP Al-doped ferrihydrite or CP Al-
oped ferrihydrite suspensions for 34 h (nAl/nFe(III) = 0.05). In Fig. 2,
ll of the reflections of SP sample can be indexed to a pure phase
f hematite, and their positions are in good agreement with the
iterature values (JCPDS No. 33-0664). The narrow, sharp peaks sug-
est that the hematite product was crystalline. No impurities can
e detected from this pattern. Fig. 3SP shows that the hematite
as in the form of plate-like particles. The particle shape may be

scribed to the incorporation of Al since no other anions were intro-
uced into the system besides chloride ions [21]. However, only
ery weak diffraction peaks of hematite can be observed in Fig. 2CP,
uggesting an incomplete conversion from CP Al-doped ferrihydrite
o hematite after reaction for 34 h. A great deal of amorphous mate-
ial, which is unconverted Al-doped ferrihydrite, can be observed
n Fig. 3CP, suggesting that CP Al-doped ferrihydrite undergoes the
esired transformation less readily than SP Al-doped ferrihydrite.

.2. The effect of the introduction procedures of Al(III) on the
ransformation of ferrihydrite in the presence of trace Fe(II)

It has been confirmed that Fe(II) adsorbed on ferrihydrite can
atalyze the transformation from ferrihydrite to hematite [25].
n fact, catalysis by Fe(II) has also proved to be effective for the
ransformation of Al-doped ferrihydrite. For example, the transfor-
ation time for SP Al-doped ferrihydrite (nAl/nFe(III) = 0.06) in the
resence of trace Fe(II) is about 4 h, as compared to only about 1.5 h
or CP Al-doped ferrihydrite (nAl/nFe(III) = 0.06). The hematite parti-
les obtained from both SP Al-doped ferrihydrite and CP Al-doped
errihydrite are spherical (Fig. 4).

ig. 2. XRD patterns of the products obtained by SP and CP Al-doped ferrihydrites.
Al/nFe(III) = 0.05, nFe(II)/nFe(III) = 0, t = 34 h. H: hematite.
Fig. 3. SEM images of products obtained by SP and CP Al-doped ferrihydrites.
nAl/nFe(III) = 0.05, nFe(II)/nFe(III) = 0, t = 34 h.

With increasing Al concentration in Al-doped ferrihydrite,
the transformation times for the two Al-doped ferrihydrites are
extended (Fig. 5), which indicates that the transformation becomes
more difficult. The results from DSC curves of the samples also sup-
port this conclusion (Fig. 6). As can be seen in Fig. 6, each DSC curve

shows one endothermic and one exothermic peak. The endother-
mic peak recorded from room temperature to ∼200 ◦C is normally
attributed to removal of surface-adsorbed water and water within
the structure of Al-doped ferrihydrite [28]. The exothermic peak
occurs from 500 to 600 ◦C, with a different maximum for different
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is more accurate to refer to them as discoid particles. However, no
obvious change was detected for the SP Al-doped ferrihydrite and
the sample remained amorphous (Fig. 7SP).
ig. 4. SEM images of the products obtained by CP and SP Al-doped ferrihydrites in
he presence of Fe(II). nAl/nFe(III) = 0.06, nFe(II)/nFe(III) = 0.02, CP: t = 1.5 h, SP: t = 4 h.

amples, which is most likely due to the transformation from Al-
oped ferrihydrite to hematite. Clearly, with the increasing of the
mount of Al, the phase transformation temperatures of Al-doped
errihydrite increase for both CP and Sp samples, which is consistent
ith the results in Fig. 5.
However, we noticed that the transformation time of the SP Al-
oped ferrihydrite in the presence of Fe(II) was always longer than
hat of the CP Al-doped ferrihydrite. The higher the level of Al, the

ore obvious the difference in the transformation times between
he two ferrihydrites becomes (Fig. 5). A representative example
Fig. 5. Changes of transformation time of the two Al-doped ferrihydrites with dif-
ferent Al levels. nFe(II)/nFe(III) = 0.02.

is shown in Fig. 7. At an nAl/nFe(III) ratio of 0.14, the transformation
product for CP Al-doped ferrihydrite is plate-like hematite particles
(Fig. 7CP). The morphology of the product is shown at a high mag-
nification in the inset in Fig. 7CP. It can be seen that these plate-like
particles are thicker at their centers than at their outer edges. So it
Fig. 6. DSC curves of CP and SP Al-doped ferrihydrites obtained at different nAl/nFe(III)

ratios. nFe(II)/nFe(III) = 0.02.
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solution re-precipitation mechanism, especially at high levels of Al
ig. 7. SEM images of products obtained by CP and SP Al-doped ferrihydrites in the
resence of Fe(II). nAl/nFe(III) = 0.14, nFe(II)/nFe(III) = 0.02, t = 24 h.

.3. The formation mechanism of discoid hematite particles in the
resence of Fe(II)

Based on the above results, the order of the transformation rates
f SP Al-doped ferrihydrite and CP Al-doped ferrihydrite in the pres-
nce of trace Fe(II) is opposite to that in the absence of Fe(II). That

s to say, SP Al-doped ferrihydrite transforms into hematite more
eadily than CP Al-doped ferrihydrite in the absence of Fe(II) but
ess readily than CP Al-doped ferrihydrite in the presence of Fe(II).
hese results provide an insight into the mechanism of the trans-
Journal 157 (2010) 254–262

formation in the presence or absence of Fe(II) and highlight the
essential effect of Fe(II) acting as a catalyst.

The transformation of ferrihydrite under different conditions
is a subject of material science. Proposed mechanisms for the
transformation from ferrihydrite to hematite in solution range
from dissolution of the precursor followed by precipitation of
the product (e.g. the dissolution re-precipitation) to solid-state
transformation within precursor aggregates or topotactic transfor-
mation accompanied by the phase transformation [29,30]. A pH
close to the zero point of charge (zpc) favors the conversion from
ferrihydrite to hematite [31]. The solubility of ferrihydrite at this
pH reaches a minimum, and a low solubility suppresses the forma-
tion of hematite by dissolution re-precipitation and thereby favors
the transformation to hematite within the ferrihydrite aggregate,
that is, the solid-state transformation.

In the SP method, Fe(III) ions are first precipitated to form ferri-
hydrite aggregate and then Al(III) ions are deposited on the surface
of the ferrihydrite aggregate. The doping of Al onto the ferrihydrite
has little influence on the nucleation and growth of hematite parti-
cles by solid-state transformation within the ferrihydrite aggregate.
The experimental results showed that the transformation time of
Al-free ferrihydrite was almost the same as that of Al-doped ferri-
hydrite at nAl/nFe(III) = 0.05. However, in the CP method, Fe(III) ions
and Al(III) ions are co-precipitated, which results in more Al(III)
ions being introduced into the interior of the ferrihydrite aggre-
gate. Thus, the nucleation and growth of hematite particles within
the ferrihydrite aggregate is affected greatly. The results further
support the mechanism of the solid-state transformation from the
precursor to product in solution. Fe(II) ions are adsorbed on the sur-
face of Al-doped ferrihydrite aggregate since they are added to the
system after the formation of this aggregate. The catalytic effect of
Fe(II) on the transformation of ferrihydrite is triggered by interfacial
electron transfer to structural Fe(III), which stimulates the dissolu-
tion and subsequent re-precipitation or solid-state transformation
to a thermodynamically more stable phase. When Fe(II) ions are
adsorbed on the surface of SP Al-doped ferrihydrite, the electron
transfer between Fe(II) and structural Fe(III) is blocked by the Al
ions. On the other hand, according to the literature [32], Al(III),
which exists in the form of Al(OH)4

− at pH 9, readily combines
with Fe2+ ions due to electrostatic attraction, which also hampers
the electron transfer between Fe(II) and structural Fe(III). However,
the blocking of electron transfer in the CP Al-doped ferrihydrite sys-
tem is much less than that in the SP Al-doped ferrihydrite system.
Therefore, the nucleation of hematite particles in the SP Al-doped
ferrihydrite system is greatly affected and the transformation time
is longer than in the CP Al-doped ferrihydrite system. It can thus
be concluded that the essential effect of Fe(II) acting as a catalyst
should be inducement of the nucleation of hematite. The following
diagrammatic sketches (Fig. 8) illustrate the structures of the two
Al-doped ferrihydrite aggregates.

Our earlier results revealed that Al-free ferrihydrite was
transformed into hematite particles by the catalytic solid-state
transformation mechanism at pH 9 and 100 ◦C within 0.5 h in the
presence of Fe(II) [25]. Based on the above analysis, it is known
that the solid-state transformation is probably restrained by the
presence of Al(III) within the ferrihydrite aggregate in the CP Al-
doped ferrihydrite system. The results in Figs. 2 and 3 support this
conclusion. Comparing with the SP Al-doped ferrihydrite, the CP
Al-doped ferrihydrite is transformed into hematite less readily. We
surmise that the transformation of CP Al-doped ferrihydrite in the
presence of trace Fe(II) is likely to be completed by the catalytic dis-
(e.g. nAl/nFe(III) = 0.14).
In order to investigate the transformation mechanism of the

CP Al-doped ferrihydrite in the presence of trace Fe(II), time-
dependent experiments were carried out, and the resultant
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paring with Al-free ferrihydrite, CP Al-doped ferrihydrite required
ig. 8. Diagrammatic sketches of the two Al-doped ferrihydrite aggregates. (a) CP
ethod and (b) SP method.
roducts were characterized by XRD and SEM investigations.
RD patterns and SEM images as a function of reaction time
re recorded. Fig. 9 presents SEM images obtained at differ-
nt times (XRD patterns not shown). As can be seen in Fig. 9a,

Fig. 9. SEM images of the products obtained by CP Al-doped ferrihydrite at nA
Journal 157 (2010) 254–262 259

hematite appeared after 10 h. Upon prolonging the reaction time
to 18 h, discoid hematite particles, co-existing with some amor-
phous unconverted Al-doped ferrihydrite (Fig. 9b), were observed.
The final transformation time was about 21 h (Fig. 9c).

The change in pH during the transformation process provides
further information concerning its mechanism. Fig. 10 shows pH vs.
time curves for the transformation process in the absence or pres-
ence of Al(III). Only a very small pH change (�pH) was observed
after the transformation of Al-free ferrihydrite (Fig. 10a), which
means that the transformation from ferrihydrite to hematite, in
this case, was completed mostly by the solid-state transformation
mechanism (that is, aggregation–dehydration–rearrangement)
[25]. However, the pH decreases by about 4 units for Al-
doped ferrihydrite (Fig. 10b). This result indicates that dissolution
re-precipitation occurs in the transformation of CP Al-doped ferri-
hydrite [25,26]. It was confirmed in our previous work that Fe(II),
in the form of FeOH+, accelerates the dissolution of ferrihydrite.
However, the proportion of FeOH+ ions at pH 9 is so small that the
catalytic dissolution rate of ferrihydrite is very slow. Thus, com-
a much longer time to complete its transformation to hematite by
the dissolution re-precipitation mechanism. Clearly, the catalytic
dissolution re-precipitation and the catalytic solid-state transfor-
mation should occur simultaneously at low nAl/nFe(III) ratios. The

l/nFe(III) = 0.14 and nFe(II)/nFe(III) = 0.02. (a) t = 10 h; (b) t = 18 h; (c) t = 21 h.
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b-axes relatively favorable. This conclusion is consistent with that
reported by Schwertmann et al. [22].

XPS has been employed to analyze the surfaces of the hematite
particles as well as their interiors by sputtering the samples with
ig. 10. pH vs. time curves. nFe(II)/nFe(III) = 0.02, (a) nAl/nFe(III) = 0 and (b) CP method
Al/nFe(III) = 0.14.

igher the Al concentration, the lower the contribution from the
olid-state transformation.

To further confirm the above conclusion, two control experi-
ents were designed. In the first, CP Al-doped ferrihydrite was

repared at 60 ◦C (nFe(II)/nFe(III) = 0.02 and nAl/nFe(III) = 0.14) and its
ransformation was studied. No obvious change was detected after
eaction for 24 h (XRD pattern not shown). Our earlier experimen-
al results showed that Al(III)-free ferrihydrite prepared at 60 ◦C
as more easily transformed into hematite than ferrihydrite pre-
ared at room temperature (RT) [27]. In addition, it is known that
he dissolution will be impaired when ferrihydrite is prepared at
higher temperature [13]. These results mean that Al(III)-free fer-

ihydrite prepared at 60 ◦C can transform to hematite through a
olid-state transformation mechanism. However, for CP Al-doped

errihydrite prepared at 60 ◦C, both the dissolution re-precipitation
nd the solid-state transformation are restrained, which leads to
he above result.

Fig. 11. Changes of nAl/nFe(III) ratio dissolved into HCl solution with time.
Fig. 12. Fe 2p XPS spectra of as-prepared Al-hematite: (a) without sputtering and
(b) after 15 min of sputtering with Ar+ ions.

For the second control experiment, the initial concentration of
Fe(III) in the CP Al-doped ferrihydrite suspension was adjusted to
0.3 mol/L. Complete transformation from CP Al-doped ferrihydrite
to hematite was not observed after 24 h (SEM image not shown),
which may be attributed to the fact that the concentration of dis-
solved Fe(III) in the solution at this lower initial concentration was
lower than that when 0.5 mol/L was used and hence it was dif-
ficult to attain the saturation concentration of Fe(III) for forming
hematite.

In order to investigate the effect of Al3+ ions on the formation
of discoid hematite particles, the as-prepared Al-hematite parti-
cles were dissolved in HCl solution under vigorous stirring and the
changes in the concentrations of Al3+ and Fe3+ ions in the solution
with time were determined by ICP. The results are shown in Fig. 11.
It can be seen that the nAl/nFe(III) ratio is initially high but grad-
ually decreases with time until it reaches an almost steady level.
This result indicates that more Al is incorporated on the surface of
hematite particles than is incorporated in their interiors. Al is more
easily adsorbed in the direction of the c-axis and retards the crys-
tal growth along this axis, which makes growth along the a- and
Fig. 13. Al 2p XPS spectra of as-prepared Al-hematite: (a) without sputtering and
(b) after 15 min of sputtering with Ar+ ions.
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Fig. 14. O 1s XPS spectra of as-prepared Al-hematite: (a) without sputtering and (b)
after 15 min of sputtering with Ar+ ions.

Table 1
Representative XPS binding energy values of different elements in Al-doped
hematite sample at the external surface and after 15 min of sputtering with Ar+

ions of 3 kV.

BE of XPS signal (eV)

Al 2p Fe 2p3/2, Fe 2p1/2 O 1s

A
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[

[

No sputtering 74.7 711.4, 724.9 530.6
After sputtering 73.5 709.3, 722.9 530.3

r+ ions for 15 min. Figs. 12–14 show XPS spectra of the as-prepared
l-hematite. In the Fe 2p spectrum (Fig. 12), two peaks at binding
nergies (BE) of ∼711 eV for Fe 2p3/2 and ∼724 eV for Fe 2p1/2 with
shake-up satellite at ∼719 eV are observed, which is characteristic
f Fe(III) in Fe2O3 [1]. Peaks at binding energies of ∼74 eV for Al
p and ∼530 eV for O 1s are also observed (Figs. 13 and 14). The
PS spectra confirmed that the Al-doped hematite crystals were
omposed exclusively of Fe, O, and Al.

Table 1 shows representative BE values of the constituent ele-
ents of the Al-doped hematite sample, without sputtering and

fter 15 min of Ar+ ion sputtering. The shift of the BE line of Al 2p
rom 74.7 eV to a lower value of 73.5 eV and the shift of the BE
ines of Fe 2p from 711.4/724.9 eV to 709.3/722.9 eV after sputter-
ng may suggest that the chemical environments of the Fe and Al
ons at the external surface of the particles differ from those in the
nteriors of the particles. Relative atom concentrations of the dif-
erent elements in the Al-hematite samples at the external surface
ithout sputtering and after 15 min of sputtering with Ar+ ions are

hown in Table 2. The data in Table 2 indicate that the amount
f Al incorporated at the surface of the hematite is greater than
hat within the hematite particles, which is consistent with the
esult obtained by ICP. Moreover, the high relative atom concen-

ration of O at the external surface may result from the presence of
ontaminants and/or OH groups.

able 2
elative atom concentration of different elements in Al-hematite samples at the
xternal surface and after 15 min of sputtering with Ar+ ions of 3 kV.

Region Surface After 15 min of sputtering with Ar+ ions

Al 2p 10.61% 8.45%
Fe 2p 14.66% 39.98%
O 1s 74.74% 51.57%

[

[

[

[

[
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4. Conclusions

The mechanisms of the transformation from Al-doped ferrihy-
drite to discoid Al-doped hematite particles in the presence or
absence of trace Fe(II) have been investigated. SP Al-doped ferrihy-
drite transforms to Al-doped hematite particles more rapidly than
CP Al-doped ferrihydrite in the absence of Fe(II) and the former
transformation is completed mostly by the solid-state transforma-
tion mechanism in suspension. CP Al-doped ferrihydrite transforms
to Al-doped hematite particles in the presence of trace Fe(II) more
rapidly than SP Al-doped ferrihydrite. The CP Al-doped ferrihydrite
is mostly transformed by way of the dissolution re-crystallization
mechanism in the presence of Fe(II). When CP Al-doped ferrihydrite
was used as precursor and Fe(II) was used as a catalyst, discoid
hematite particles were obtained. The data from XPS measure-
ments and dissolution experiments on the Al-doped hematite in
HCl solution have revealed that the concentration of Al on the
surface of the discoid hematite particles was higher than that in
the interior of the particles, which indicates that the inclusion of
Al provides a method for shape modification in the production of
hematite particles.
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