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a b s t r a c t

By heating an amorphous iron oxide produced by Leptothrix ochracea, an iron-oxidizing bacterium
species, at 600e1100 �C in air for 2 h, vivid red-colored powdered materials including a-Fe2O3 (hematite)
and amorphous silicate with high thermostability were prepared which offer potential for use as over-
glaze enamels on porcelain. The precise color tone of the materials greatly depends on the heat-
treatment temperature. The most strikingly beautiful sample, heat-treated at 800 �C, is light
yellowish-red in color (L* ¼ 47.3, a* ¼ 34.1, and b* ¼ 34.6), has a unique microstructure, and does not fade
in color evenwith reheating at 800 �C, which is the firing temperature for overglaze enamel on porcelain.
The sample primarily consists of crystalline hematite particles w40 nm in diameter with slightly longer
axis unit-cell parameters than those of pure hematite. The particles are covered with amorphous silicate
phasew5 nm in thickness and are intricately interconnected into microtubules with an average diameter
of 1.26 mm. The attractive color of this material is due to the following structural features: small particle
size (w40 nm), nanocomposite of hematite and amorphous silicate, and a microtubule structure that
inhibits aggregation of individual hematite particles and microtubules.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Hematite is of significant interest to nanoscience and nano-
technology researchers because of its potential for application in
pigments, gas-sensing materials, catalysts, and positive and nega-
tive electrodes of lithium-ion batteries [1e14]. In recent years,
many synthetic routes to hematite nanoparticles have been re-
ported, such as the hydrolysis of an Fe (III) solution, thermal
decomposition, solegel methods, and microemulsion methods
[15e17]. Important requirements for these synthetic routes are the
capability to control particle size, distribution, dispersibility, and
morphology at the nanometer level.

Because of its beautiful color, hematite powder is widely used as
a pigment for overglaze enamels on porcelain. By “beautiful color,”
we mean that the color exhibits high L*, a*, and b* values on a CIE
þ81 862518087.
ada).
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1976 L*a*b* color space [18]. In Japan, vivid yellowish-red hematite
has been used in an elegant enamel-decoration technique called
aka-e, commonly performed on the milk-white body of Kakiemon-
style ware with a simplified design scheme using sufficient space.
Kakiemon-style ware enthralled royalty and aristocrats when it
was exported to Europe in the 17th and 18th centuries [19e23], and
continues to revere by admirers worldwide.

In general, hematite color increases in beauty with decreasing
particle size [24e26].When hematite is used in aka-e, the overglaze
enamel is prepared bymixing hematite powder, appropriate glazes,
and solvents, drawing with this mixture on porcelain, and then
heat-treating the porcelain at high temperature (w800 �C) to fix
the overglaze enamel onto the porcelain body [27]. A common
problem with hematite from natural ores and industrially synthe-
sized hematite, both of which are used widely in red-overglaze
enamels, is that their color fades when the hematite grain growth
occurs under heat treatment. Therefore, it is highly desirable for
hematite powder to not only be beautiful in color but also be
thermostable and not be susceptible to grain growth during heat
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treatment for its use as overglaze enamels. Chemical stability of
hematite powder in molten glazes is also an important factor.
Recently in order to add thermostability and chemical stability to
pigments, heteromorphic pigments which are composites of
colored crystal and stable uncolored phase (e.g., composite of
hematite and silica) have been developed and their excellent
properties have been reported [4e9]. In this study we propose
a new synthetic route for thermostalbe red powder including
hematite and amorphous silicate using iron oxide with microtu-
bular form produced by iron-oxidizing bacteria (FeOB) as a starting
material.

In natural aquatic environments, FeOB gain energy for survival
by oxidizing ferrous ions to ferric oxides. Micrometer-scale iron
oxides of various shapes are produced by different FeOB species
and are visible everywhere as ocher precipitates [28e32] that have
until now been regarded as unwanted nuisances. Our collective
term for iron-containing precipitates formed by FeOB is biogenous
iron oxides (BIOXs).

To date, most relevant BIOXs studies have been conducted
from microbiological and geochemical perspectives [28e40].
However, we have conducted studies from a materials-science
perspective and reported various important features of BIOXs
[41e45]. The target BIOX in this study is BIOX with microtubular
form (L-BIOX) formed by the most well-known FeOB Leptothrix
ochracea [30]. We previously reported that L-BIOX is a porous
iron oxide with a unique structure, consisting of primary parti-
cles w3 nm in diameter aggregated into secondary particles
several tens of nanometer in diameter and finally into a micro-
tubule w1 mm in diameter [41,42]. The iron oxide particles have
low crystalline features of chemical composition
Fe:Si:P ¼ 73:22:5 with the exception of O, H, and C [43].
Surprisingly, we discovered that the natural enzyme lipase
immobilized on L-BIOX exhibits high catalytic activity [42].

More recently, by using L-BIOX as a starting material, we
prepared a powder material including hematite and amorphous
silicate with beautiful yellowish-red color. Its particles did not grow
and fade in color even at 800 �C. Here, we report its microstructure
in detail, focusing especially on the existence of an amorphous
phase, and consider the effects of the microstructure on color tone.
Fig. 1. (a) Photograph and (h) XRD pattern of dried L-BIOX. Two broad peaks at the d-
spacing values of 0.27 and 0.15 nm were observed. (beg) Photographs and (ien) XRD
patterns of the samples heat treated at 600, 700, 800, 900, 1000, and 1100 �C,
respectively. L-BIOX showed various color depending on the heat-treatment temper-
ature. The Bragg reflections of hematite appeared at �700 �C. Hematite with lattice
parameters of a ¼ 0.5039, and c ¼ 1.3767 nmwas produced at 800 �C. Crystalline silica
and iron phosphate were produced at �900 �C.
2. Experimental

L-BIOX was collected from an enrichment culture tank and
centrifuge-washed with distilled water several times to remove
impurities, as described in our previous reports [41,43,44]. The
washed L-BIOX was dried at 100 �C in air, heat-treated at
600e1100 �C (every 100 �C) in air for 2 h at a heating rate of 10 �C/
min, and allowed to cool in the furnace. The resulting powders
were analyzed by X-ray diffractometry (XRD; Rigaku RINT-2000).

The sample heat-treated at 800 �C (monophasic hematite in
terms of XRD) was evaluated by high-resolution transmission
electron microscopy (HRTEM; JEOL JEM-2100F) and scanning
electron microscopy (SEM; Hitach S-4300) equipped with energy-
dispersive X-ray spectroscopy (EDS; JEOL JED-2300T and EDAX
Genesis 2000, respectively) and colourimetry with a standard
illuminant of D65 (Konica Minolta Sensing CM-2600d). Commer-
cially available hematite (Morishita Bengara KogyoMC-55) which is
used as a red pigment for overglaze enamels on porcelain bodies
was used as a reference color-tone sample. For studying the ther-
mostability of the powder color, both the sample that was heat-
treated at 800 �C and MC-55 were heat-treated at 800 �C for 1 h
in air, and the colors were evaluated. The average particle sizes and
their standard deviation values described in this paper were esti-
mated by measuring at least 70 particles on SEM or TEM images.
3. Results and discussion

Fig. 1 shows photographs and XRD patterns of L-BIOX and the
heat-treated powder samples. The color tone of the heat-treated
samples greatly depends on the heat-treatment temperature. L-
BIOX is ocher (Fig. 1a), while the heat-treated samples range from
brown (600 and 700 �C, Fig. 1b and c) to yellowish-red (800 �C,
Fig. 1d), wine red (900 �C, Fig. 1e), purple (1000 �C, Fig. 1f), and
finally black (1100 �C, Fig. 1g). The color change from ocher or
brown to red is well known to accompany the phase transformation
from iron oxyhydroxide (FeOOH) to hematite. Common iron oxy-
hydroxides transform easily to hematite near 300 �C, while L-BIOX
does not undergo a phase transformation even at 600 �C (Fig. 1i),
indicating the difficulty of phase transformation to hematite in the
case of L-BIOX. L-BIOX slightly crystallizes to hematite at 700 �C
(Fig. 1j), and transforms to monophasic hematite at 800 �C (Fig. 1k).
According to our previous report, L-BIOX contains structural Si and
P with a relative composition of Fe:S:P ¼ 73:22:5 [43]. This
composition dose not change with heat treatment in air, as we
confirmed by SEM-EDS. The existence of structural Si and P in L-
BIOX could inhibit the rearrangement of ions during heat treat-
ment, significantly raising the transformation temperature to
hematite. Further, after heat treatment at �900 �C (Fig. 1len),
crystalline silica (cristobalite) and iron phosphate (rodolicoite and/
or grattarolaite) form. Formation of cristobalite suggests that the
sample heat-treated at <900 �C, namely 800 �C, could contain
amorphous silica [46]. Additionally, diffraction peaks of hematite at
�800 �C sharpen with increasing temperature (Fig. 1ken), indi-
cating that the crystallite size has increased (e.g., 25, 80, and
139 nm at 800, 900, and 1000 �C, respectively, calculated by the



Fig. 2. (a) Reflectance curves of L-800, Re-L-800, MC-55, and Re-MC-55. (b) L* (inset),
a*, and b* values of the samples. L-800 maintained a vivid red color under heat
treatment of 800 �C, while MC-55 showed significant color fading. The inset
photographs are powders of L-800, MC-55, and Re-MC-55. CIE 1976 L*a*b* color
space. L* indicates lightness, and a* and b* indicate chromaticity, i.e., color directions.
Positive and negative values of a* indicate reddish and greenish color, respectively,
whereas positive and negative values of b* indicate yellowish and bluish color,
respectively.
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Scherrer equation using (104) plane). We note that the sample that
was heat-treated at 800 �C (L-800) is monophasic hematite in
terms of XRD with a light yellowish-red color.

The unit-cell parameters of L-800 are a ¼ 0.5039 nm and
c ¼ 1.3767 nm, which are slightly longer than those of pure
hematite (a ¼ 0.50356, c ¼ 1.37489 nm [47]). Campbell et al. sug-
gested that structural OH and/or Si within the hematite structure
can cause the Fe occupancy to decrease consistently, and thus
changing the hematite lattice parameters [48]. Gálvez et al.
prepared hematite with structural P and reported that the c-axis
length increases with increasing P content, with P occupying
tetrahedral sites in the hematite structure [49]. Therefore, we
speculate that the unit-cell parameters of L-800 are slightly longer
than those of pure hematite, because small amounts of Si4þ and/or
P5þ ions could be located randomly at some tetrahedral sites sur-
rounded by oxygen ions in the hematite crystal structure.

Fig. 2 shows color measurements for untreated L-800,
untreated commercially available hematite (MC-55, particle size
104 � 20 nm), heat-treated L-800, and heat-treated MC-55; heat
treatment was performed at 800 �C for 1 h and the resulting
samples are denoted Re-L-800 and Re-MC-55. The reflectance edge
of each sample is in the same position approximately, near 585 nm,
but reflectance intensities beyond 450 nmdecrease in the following
order: L-800 z Re-L-800 > MC-55 > Re-MC-55 (Fig. 2a). In Fig. 2b,
the CIE parameters L* (lightness), a* (reddish) and b* (yellowish),
derived from reflectance curves, indicate that MC-55 has the
highest a* value (35.2), but L-800, with its beautiful light yellowish-
red color and the values L* ¼ 47.3, a* ¼ 34.1 and b* ¼ 34.6, has the
highest b* and L* values. Furthermore, the values for Re-L-800
(heat-treated) are almost equal to those for L-800 (unheated), while
Re-MC-55 shows significant color fading with the values L* ¼ 39.1,
a* ¼ 28.8, b* ¼ 17.5 (Fig. 2b). These results indicate that L-800 is
a thermostable hematite powder with high CIE values.

In general, the color of hematite powder depends on its particle
size and aggregation state and ranges from vivid red for small,
dispersive particles to black for large, aggregated particles
[24e26]. Accordingly, Re-MC-55 (dull red) would seem to have
large particle sizes, while Re-L-800 (vivid red) would seem to have
maintained its original particle size. SEM and TEM observations
show that the average particle size of Re-MC-55 is 196 � 54 nm,
twice that of MC-55 (measured by SEM), while the average
particle size of Re-L-800 is 36 � 14 nm, the same as that of L-800
(measured by TEM).

Fig. 3 shows TEM images of L-BIOX and L-800, which we ob-
tained to clarify the reason for L-800’s beautiful color. L-BIOX
particles are intricately interconnected into microtubules. The
electron diffraction (ED) pattern of a single microtubule shows
a halo, indicating an almost amorphous structure (Fig. 3a). L-800
particles maintain their tubular shape even after exposure to high
temperature, and the ED pattern of a microtubule shows the ring
pattern of polycrystalline hematite (Fig. 3b). The outer diameter of
L-BIOX shrinks with heat treatment from 1.35 mm to 1.26 mm
(shrinking ratio 7%). HRTEM observation shows that L-BIOX is
amorphous and exhibits granular particle morphology (Fig. 3c),
while L-800 has crystallized to hematite (diameter 36 � 17 nm,
ranging from 8 to 98 nm), and the hematite particles are covered
with an amorphous phase (thickness was ranging from 1 to 21 nm)
(Fig. 3d). The morphologies and sizes of these crystals and the
amorphous phase are heterogeneous. Si and O are mainly detected
from the amorphous phase by EDS point analysis, indicating that
the amorphous phase belongs to an amorphous silicate. These
careful observations revealed that the simple heat-treatment of L-
BIOX can give complicated nano- and micro-architectural structure
material (microtubule material composed of hematite/amorphous-
silicate nanocomposite). This complicated microstructure could
contribute to L-800’s beautiful color and thermostability
mentioned as follows.

Previous reports showed that hematite with small, dispersive
particles has a beautiful color [24e26] and that silica-coating of
hematite enhances its hue [4e9]. Three factors in particular seem to
contribute to the beautiful color: small particle size (w40 nm),
presence of an amorphous silicate shell, and a tubular structure
that inhibits the aggregation of individual hematite particles and
microtubules. As evidence of the importance of the third factor,
when we crushed L-800 with an alumina mortar to break the
tubules, the crushed sample faded in color (L* ¼ 42.2, a* ¼ 33.1, and
b* ¼ 33.2).

The process of phase separation during heat treatment of
L-BIOX deserves further consideration. We previously reported



Fig. 3. TEM images of (a, c) L-BIOX and (b, d) L-800. Inset images in (a) and (b) are electron diffraction patterns. Inset to (d) is the magnified image of white square area and solid
lines show the (113) plane of hematite. The dotted line shows the boundary between hematite and amorphous silicate.
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that L-BIOX has chemical bonds of FeeOeSi [44]. During heat
treatment, thermal energy can accomplish the following three
objectives: (1) it can break the FeeOeSi bonds; (2) it can rear-
range the ions and nucleate the hematite crystals, resulting in
a phase separation into two phases of hematite and amorphous
silicate; and (3) it can cause hematite grain growth. Phosphorus
is well known to promote phase separation in glass [50], which
suggests that observed phase-separation process may be
promoted by phosphorus. Further investigations concerning
spatial distribution of Si, O, P, and Fe in the amorphous silicate
phase are in progress.

The possibility of relationships of L-800’s slightly longer unit-
cell parameters relative to those of pure hematite with color
tones should be pointed out as follows. Gálvez et al. reported that
structural P contributing to Fe deficiency in the hematite structure
changes the intensity of the absorption bands of Fe3þ ligand field
transition in the visible region [49]. Pailhé et al. reported that the
reduction of the octahedral distortion that causes Fe3þ sites to
move from Oh to D3d and C3v is directly correlated with the two
FeeO charge-transfer bands in the visible range and with the color
of hematite [3]. These reports suggest that L-800’s slightly longer
unit-cell parameters relative to those of pure hematite could affect
its color. Among subjects for future study are the amounts of
structural Si and/or P, their atomic sites, degree of the octahedral
distortion, and the relationship between these phenomena
and color.
4. Conclusions

We prepared various colored powders by heating L-BIOX at
600e1100 �C. We selected the most beautiful powder, the one that
was heat-treated at 800 �C, for more detailed investigation. It has
a complicated microstructure that primarily consists of crystalline
hematite nanoparticlesw40 nm in diameter, with unit-cell parame-
ters slightly longer than those of pure hematite. The nanoparticles are
covered with amorphous silicate w5 nm in thickness and are intri-
cately interconnected into microtubules with an average diameter of
1.26mm.Such a complicated structurewouldbedifficult to synthesize
artificially, but is easy to produce by simple heat treatment using L-
BIOX as a starting material. Interestingly, the resulting product is
a more beautiful yellowish-red color that is more thermostable than
that of commercially available hematite. We propose the following
three reasons for the beautiful color; (1) the hematite particles are
small (w40 nm); (2) amorphous silicate forms on the surface of the
particles; and (3) the particles are intricately interconnected into
microtubules that inhibit aggregation of individual hematite particles
and microtubules. We believe that L-800 powder has great potential
as a vivid red pigment for overglaze enamels on porcelain.
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