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Abstract

A black pigment was synthesised based on FexCr2−xO3 stoichiometry, by studying the compositions withx = 0.15, 0.20, 0.50, 1.00, 1.20, 1.30,
1.50, 1.80 and 1.85 and using industrial grade reagents as raw materials. The resulting products were compared with a pigment made using
chemically pure (CP grade) reagents in order to establish the most appropriate reagents for achieving minimum Cr(VI) segregation during
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he pigment washing stage, and comparable chromatic qualities of a standard industrial pigment. X-ray diffraction (XRD) indicat
olution formation based on the haematite structure; however, X-ray photoelectron spectroscopy (XPS) and Mössbauer analysis indicate
resence of a phase containing Fe(II) undetected by XRD. A smaller Cr(VI) content was found in the washing liquids when indus
eagents were used, but the resulting chromatic quality was poorer than that obtained for the same composition when made wi
aw materials.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

With few exceptions, inorganic pigments are oxides, sul-
hides, oxide hydroxides, silicates, sulphates or carbonates
nd can consist of single-component particles (e.g., red iron,
-Fe2O3) with well-defined crystal structures or mixed pig-
ents made up of non-uniform or multicomponent particles
nd, in general, they contain transition metal ions.1

Ceramic pigment research is directed towards achieving a
reater understanding of pigment-forming systems and find-

ng useful new pigments for different applications in glazes,
orcelain enamels, paints and plastics.

Ceramic pigment synthesis by the ceramic method, as in
ny solid-state reaction, entails the drawback that the reaction
echanism is kinetically controlled by slow atomic diffusion
rocesses in the crystal lattice, which essentially depend on

he number of ionic defects in the lattice, of their mobil-
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ity and of the thermodynamic force governing the proc
These problems require ceramic pigment synthesis reac
to take place at high temperatures with long reaction ti
which affect the economic costs of the process and may
end product stoichiometry as a result of volatilisation of
volatile components during calcination. Volatilisation los
together with the soluble products that may be remove
the washing stages, are important sources of pollutio
the sector and, given current regulatory restrictions, m
it increasingly necessary to study systems that contain
tential pollutants with a view to substituting and/or reduc
these.

As a result, the focus of research in the field of ceramic
ments tends to be determined by socio-economic, sanita
environmental factors or the enhancement of the pigme
power of currently known structures.

Among the pigmenting systems that pose the gre
risks, there are those that contain ions of the first trans
series, such as chromium, cobalt, nickel, etc., as the d-
metals show an extremely wide range of both redox beha
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and complex formation. These properties underlie their cat-
alytic role in enzyme action.2

The light absorption coefficient of black pigments deter-
mines their optical quality. Their colour intensity and hiding
power depend on the particle size and particle size distribu-
tion. The most important black pigments are carbon blacks,
iron oxides, and mixed metal oxides. Due to the high temper-
atures used in the ceramic industry, carbon black pigments
are not suitable as ceramic pigments, which is why black ce-
ramic pigments are based on iron oxides and mixed metal
oxides, and particularly on the latter.

In fact, black ceramic pigments are formed by mixing sev-
eral divalent and trivalent oxides which, after firing, form the
most common spinel structure. The divalent ions may be iron,
cobalt, manganese, nickel or copper. The trivalent ions may
be iron, chromium, manganese or aluminium.3 The spinel
lattice not only possesses good thermal and chemical stabil-
ity, but also a high refractive index, which is important for
good optical pigment properties and, by charge transfer, can
generate a black colour by strong absorption of the whole
spectrum.

The traditional way to obtain an intense black colour
in a ceramic glaze is to disperse a quantity of cobalt–
iron–chromite4 material, in some cases also containing
Ni(II), in a glaze. Cobalt-free iron–chromium pigments have
been the focus of renewed interest in recent years because
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Nickel and its compounds also represent a risk factor as
they are potential carcinogens in human beings and animals.
In plants they have a phytotoxic action when present in high
concentrations.

Owing to the great number of oxides present in the struc-
ture, in practice it is difficult to reproduce a black colour of
high optical quality. This fact, together with the use of tran-
sition metals, considered toxic according to Environmental
Protection Agency (EPA) guidelines, makes it of interest to
conduct an in-depth study of these pigments in order to at-
tempt to reduce the content and number of toxic elements,
and to try to replace these with f-block elements, as the f-
block metals (lanthanides and actinides), although showing
a wide range of redox behaviour and complex formation, are
usually biologically unimportant with the exception of some
of the actinide group, which may be significant pollutants.

In the ceramic industry, a ceramic pigment is used that
contains Cr2O3, MnO, Fe2O3, NiO and Pr6O11 (used as STD
reference in this study). In addition to a good understanding
of the parameters that control the synthesis of this black pig-
ment, thorough raw materials control, reduction of energy
costs and, specifically, modification of the processes are re-
quired to attempt to achieve zero emissions and waste. This
is moreover necessary for the product to meet growing social
demands with regard to safety, sustainability and minimal
environmental impact.
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f the increase in price of cobalt-bearing black pigments
heir pollution problems.5 There is, therefore, a need for
ntense black pigment free of cobalt oxide and suitable fo
n ceramic glazes.4 A patent of the synthesis of this coba
ree pigment can be found in the literature.6

Cr-doped structures have been widely studied as ce
igments.7–9 Chromium is necessary to obtain a black p
ent. Depending on synthesis conditions, it can be fou
ifferent states of oxidation (II–VI) and these generate

erent properties, stability and coloration. This difficulty
nderstanding the colouring mechanism involved and the
elated studies found in the literature have led to underta
his study on chromium-containing pigmenting systems,
ng to keep the Cr(III) ion from oxidising to Cr(VI) becau
f its negative environmental impact, as it is segregated i
ashing liquids.5

Cr(VI) is taken into the body through the respiratory s
em (the handling of Cr(VI) precursors by workers), wa
r food (due to irrigation with polluted water) and can ca
cute gastroenteritis, allergic dermatitis, chronic conjunc

is, rhinopharyngitis and lung cancer.
Thus, a factor to be kept in mind is the handling of Cr(

recursors. The National Institute of Occupational He
nd Safety recommended that the chromium (VI) compo
uantity handled should not exceed 1 mg/m3 during 10 work-

ng hours a day.10–14 Another problem associated with t
se of Cr(VI) is the fact that the ceramic pigments hav
e washed before application in a glaze, and the conte
ater-soluble or acid-soluble chromium is becoming im

ant from a toxicological and ecological point of view.
Given the complexity of the system owing to the num
f components and problems relating to the use of highly

utant raw materials, it has been considered useful to s
inary compositions with oxides that appear in their for

ation and which, according to the DCMA15 classification
ill exhibit a black coloration. The present study there
ddresses the synthesis of the black pigment referenced
Chromium green–black haematite. This will subseque
e followed by a study of other binary combinations wh

ogether with the pigment oxides used in industry, dev
he black colour.

Structurally, the iron and chromium black pigment i
olid solution of Fe2O3 and Cr2O3. In the phase diagram
his system,16 these oxides can be observed to genera
omplete corundum solid solution for all the range of c
ositions up to∼1400◦C. Above this temperature, Fe2O3 is
educed to FeO and an Fe(Fe,Cr)2O4 brown spinel can als
orm.

The Fe2O3 and Cr2O3 solid solution is a substitution
ype in which Fe3+ and Cr3+ ions are distributed at rando
ver the octahedral sites in the corundum structure. The
olution may be formulated as FexCr2−xO3 (0≤ x ≤ 2). The
aw materials used in synthesis explain the black colour o
igment. The intense red colour of Fe2O3 can be attributed t
n O2− → Fe3+ charge transfer mechanism. The green co
f Cr2O3 is originated by d–d transitions in Cr3+. The two
echanisms produce an overlapping absorption that c

he visible spectrum with a resulting black pigment.
The aim of this research is to study the influence of

ixing ratio of Fe2O3 and Cr2O3 in the black coloration o
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this pigment and also to optimise its synthesis in order to
reduce the amount of Cr(VI) in the washing liquids (crucial
operation in the manufacture of this pigment) without de-
creasing its pigmenting properties.

2. Experimental

In accordance with the traditional ceramic pigment
synthesis route, several compositions based on FexCr2−xO3
stoichiometry (x = 0.15, 0.20, 0.50, 1.00, 1.20, 1.30, 1.50,
1.80 and 1.85) have been prepared. The different mixtures
were refined and homogenised by wet milling in acetone
in a laboratory planetary ball mill for 20 min. After drying,
the samples were fired in a Nabertherm electric furnace
at a heating rate of 10◦C/min at 1100, 1200 and 1300◦C
and held at each final temperature for 2 h. To refine and
homogenise the particle size after calcining, the resulting
products were ground in an agate mill with acetone, followed
by sieving at 50�m. All the measurements in this study
were performed on the sieved samples.

In a first stage, the different samples used in this study
were synthesised from ferric oxide and chromic oxide of the
quality commonly used in the ceramic colorant industry, with
a view to conducting the experiments under conditions sim-
i
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spectrophotometer (Model CARY 500 SCAN) and a coupled
analytical software for colour measurements. The data were
registered from 380 to 700 nm using a PTFE blank as re-
flecting standard. CIELAB colour parameter measurements
were conducted using a D65 standard illuminant. Colorime-
try serves to characterise a colour and allow identification.
In this system,L* is the lightness axis [black (0) to white
(100)],a* is the green (<0) to red (>0), andb* is the blue (<0)
to yellow (>0) axis.17,18

After obtaining the composition and temperature at which
the pigment exhibited the best optical properties, we studied
the Cr(VI) content in the washing liquids by a colorimet-
ric method recommended by the EPA.19 Thus, 0.3 g fired
sample was subjected to successive washings with hot 0.3 M
HNO3 until obtaining 50 mL solution. Measurements were
conducted on the spectrophotometer used for CIELAB mea-
surements at 540 nm.

After establishing the composition and temperature at
which the black pigment with the best optical characteris-
tics developed, we proceeded to synthesise this under the
same conditions, however using chemically pure (CP) grade
reagents: Cr2O3 (J. Baker, 99.3%, impurities specified on the
container: Max.: NH4+ 0.01%; Cl− 0.02%; Fe 0.05% and
SO4

2− 0.7%). The sample was analysed by XRD, colorimet-
ric measurements were made on the powdered samples and
the Cr(VI) content in the washing liquids was determined.
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lar to those found on an industrial scale.Table 1details the
hemical composition of the two oxides, determined by X
uorescence (XRF) measurements using a SIEMENS
000 wavelength dispersive XRF spectrophotometer.

Phase analysis of the fired samples has been perform
-ray powder diffraction (XRD) with a SIEMENS D500
iffractometer with Cu K� radiation. Data have been c

ected by step-scanning from 20 to 70◦2θ with a step siz
f 0.05◦2θ and 5 s counting time at each step at room t
erature. The goniometer was controlled by the “SIEME
IFFRACT plus” software, which also determined diffr

ion peak positions and intensities. The instrument was
rated using an external Si standard. The spectra have
ompared with those obtained for pure Cr2O3 and Fe2O3.

In order to determine the best temperature for obtai
black pigment with high optical properties, a colorime

tudy was performed and theL* a* b* data have been com
ared with those of a black pigment used in the cera

ndustry, referenced STD. CIELAB colour parameters w
etermined at room temperature with a VARIAN UV/visi

able 1
hemical composition of the industrial grade Cr2O3 and Fe2O3

r2O3 (industrial grade)

iO2 P2O5 CaO Cr2O3

.0969% 0.5110% 0.0969% 99.300

e2O3 (industrial grade)

TiO2 Fe2O3

.4445% 0.1000% 99.4554
To determine the particle size of the industrial grade
P grade raw materials, these underwent the same gri
rocess, prior to calcination, used in mixing and homoge

ng the compositions being studied. Particle size of the gr
aw materials was measured in a Coulter LS230 with m
olume module. The particle-size range which can be d
ined by this instrument lies between 0.4 and 2000�m.
With a view to verifying the oxidation state of iron

he two samples selected, based on the data obtain
he various characterisation techniques, and the form
f the FexCr2−xO3 solid solution, M̈ossbauer spectra we
ecorded using a conventional Mössbauer spectrometer w

57Co/Rh source where velocity calibration was done
ng a high-purity natural iron foil of 25�m thickness, an
he Mössbauer parameters are given relative to this stan
t room temperature. M̈ossbauer data were fitted using
ORMOS program.
To confirm the results obtained by M̈ossbauer spe

roscopy, X-ray photoelectron spectroscopy (XPS) sp
ere obtained with a VG-Escalab 210 spectrometer o
ting in the fixed analyser transmission mode with a
nergy of 50 eV, and using a non-monochromated Al�
hν = 1486.6 eV) X-ray radiation. The pressure in the a
ser chamber was kept at 10−9 mbar during spectra acqui
ion. Prior to XPS measurements the samples were deg
t room temperature at 10−6 mbar during night.

The binding energy was regulated by setting the
ransition at 284.5 eV. The data analysis procedure invo
moothing, background subtraction and curve fitting
ng mixed Gaussian–Lorentzian functions by a least-squ
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method. Atomic ratios of elements were calculated from the
relative peak areas of the respective core level lines using the
Wagner sensitivity factors.20

3. Results and discussion

The evolution of the crystalline phases in the different
compositions studied after calcination at 1100, 1200 and
1300◦C with a 2-h soaking time at peak temperature was
analysed by XRD. The diffractograms indicate the presence
of FexCr2−xO3 solid solution as the sole phase at the three
test temperatures.

As an example,Fig. 1depicts the diffractograms for some
of the compositions synthesised after firing at 1200◦C/2 h,
together with those of the Fe2O3 and Cr2O3 raw materials
for comparison. It can be observed that whenx increases
(Cr2O3 decreases) the 2θ position of the peaks decreases
and shifts to the Fe2O3 2θ position. The results are in good
agreement with the theory because the d-spacing between
the reticular planes in the Fe2O3 structure is larger than the
d-spacing between the reticular planes in the Cr2O3 struc-
ture. According to Shannon and Prewitt data,21 the atomic
radii for Fe(III) (in a high spin situation) and Cr(III), both in
octahedral coordination, are 78.5 and 75.5 pm, respectively:
d(Fe2O3) > d(Cr2O3) and taking into account Bragg’s Law,
θ lid
s
t pacin
b egree
o

on
t mple
F -
h f the
s
a
c

Analysis of the Cr(VI) content in the washing liquids of
all the compositions after firing at the three test temperatures
indicates that the smallest quantity is obtained forx = 1.3 at
the three firing temperatures as shown inFig. 3.

In view of the results obtained by XRD, colorimetry
and analysis of Cr(VI) in the Fe1.3Cr0.7O3 sample synthe-

Fig. 2. Colorimetric coordinates in the fired samples: (a)a* , (b) b* and (c)
L* .
(Fe2O3) < θ(Cr2O3). The XRD spectra indicate that a so
olution is formed after the reaction of Fe2O3 and Cr2O3 at
he test temperatures, because the corresponding d-s
etween the reticular planes changes according to the d
f substitution.

Fig. 2 displays the colorimetric study performed
he powdered samples. The figure shows that sa
e1.3Cr0.7O3 fired at 1200◦C with a 2-h soaking time ex
ibits the best optical properties compared with those o
tandard industrial pigment (STD) (L* = 15.8300,a* = 0.8959
ndb* =−0.4893), because it displays a lowL* value (less
larity), whilea* andb* values are also the lowest.

Fig. 1. XRD for some of the compositions fired at 1200◦C/2 h.
g
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Fig. 3. Cr(VI) content in the washing liquids of all the compositions after
firing at 1100, 1200 and 1300◦C/2 h.

Table 2
Chromatic coordinates of samples Fe1.3Cr0.7O3 (I) and Fe1.3Cr0.7O3 (L)
calcined at 1200◦C/2 h

Samples L* a* b*

Fe1.3Cr0.7O3 (I) 18.3854 0.3143 −0.3133
Fe1.3Cr0.7O3 (L) 15.1466 0.2198 0.4917
STD 15.8300 0.8959 −0.4893

sised with industrial grade raw materials and calcined at
1200◦C/2 h, this temperature and soaking time were selected
as a reference and this sample was then synthesised with CP
grade raw materials; these samples are respectively refer-
enced hereafter Fe1.3Cr0.7O3 (I) and Fe1.3Cr0.7O3 (L). The
results obtained, both with regard to the chromatic coordi-
nates and Cr(VI) content in the washing liquids are respec-
tively shown inTables 2 and 3.

The values ofL* a* b* indicate an improvement in the opti-
cal qualities of the pigment in comparison with those obtained
using industrial grade reagents, though a larger quantity of
Cr(VI) is segregated in the washing liquids.

With a view to establishing whether the end stoichiometry
matched the nominal starting stoichiometry, the quantity of
Fe and Cr in samples Fe1.3Cr0.7O4 (I) and Fe1.3Cr0.7O4 (L) af-
ter calcination at 1200◦C/2 h was analysed by XRF. The anal-
ysis data show an Fe2O3 and Cr2O3 content of 64.80% and
34.60% respectively for sample (I), and 65.40% and 34.30%
for sample (L), so that the ratio of Fe/Cr in (I) is 1.78 and
in (L) 1.86. Comparison of these ratios with the initial ratio
of 1.86 thus indicates that the quantity of Cr2O3 lost dur-

Table 3
Cr(VI) content in the washing liquids for samples Fe1.3Cr0.7O3 (I) and
Fe1.3Cr0.7O3 (L) calcined at 1200◦C/2 h

S nt

F
F

Fig. 4. Particle size of the industrial grade and CP grade raw materials Cr2O3

and Fe2O3.

ing calcination is slightly higher in the sample prepared with
chemically pure reagents.

Given the differences found with respect to the chromatic
coordinates and Cr(VI) content in the washing liquids and
taking into account that the reactivity of a mixture of solids
is influenced by the contact area between the reacting solids
and hence their surface areas, the particle size of both the
industrial grade and CP grade raw materials Cr2O3 and Fe2O3
was measured. These results are shown inFig. 4.

The figure shows that the two chromium oxides have a
similar particle size, while there is a greater difference in size
in the two iron oxides. Thus,∼45% of the Fe2O3 (I) particles
is similar in size to the Cr2O3 (I) particles, while 45% exhibits
a much smaller size. In the case of Fe2O3 (L) only ∼20% of
the particles is similar in size to the Cr2O3 (L) particles, and
∼78% is much smaller.

Particle size is known to be an important parameter, which
strongly influences powder characteristics. If the mechanism
proposed by Escardino et al.22 is assumed for this system, a
greater difference in sizes between the reacting oxide parti-
cles (the case of the sample prepared with CP grade raw ma-
terials) will affect the thickness of the Cr2O3 gaseous phase
that is deposited on the Fe2O3 as well as the quantity of Cr(III)
amples mg Cr(VI)/g pigme

e1.3Cr0.7O3 (I) 0.00018
e1.3Cr0.7O3 (L) 0.02880
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Fig. 5. Mössbauer spectra and hyperfine field distribution for Fe1..3Cr0.7O3 (I).

Fig. 6. Mössbauer spectra and hyperfine field distribution for Fe1.3Cr0.7O3 (L).

that diffuses inside, which can cause more Cr(III) to oxide to
Cr(VI) (given the atmosphere in which the calcinations are
conducted), as detected in the Cr(VI) analysis performed on
the washing liquids and by the XPS measurements.

Taking into account the above mechanism, the results ob-
tained with regard to coloration and segregation of Cr(VI)
in the washing liquids might be explained in terms of the
difference in particle sizes shown inFig. 4, because though
a greater uniformity is observed in industrial grade and CP
grade Cr2O3 particle sizes, industrial grade Fe2O3 particle
sizes exhibit a greater scatter. If reagent particle sizes are dif-
ferent (as is the case of industrial raw materials), end col-
oration uniformity will be poorer. Moreover, as there are
Fe2O3 particles of different sizes, the quantity of Cr(III) that
diffuses inwards will vary with respect to that which sublimes
in the particles, possibly leading to sublimation of a greater
quantity of chromium as Cr(VI) than when raw materials
with a more uniform particle size are used, as is the case in
CP grade raw materials. That is, a difference in particle sizes
entails poorer quality black coloration though it reduces the
quantity of segregated Cr(VI). Note that both cases lie within
the accepted legal limit, as in European legislation the per-
mitted quantities for Cr(VI) in water emissions are between
2 and 10 ppm.

Figs. 5 and 6respectively show the M̈ossbauer spectra
of the two samples FeCr O (I) and Fe Cr O (L)

fired at 1200◦C/2 h. The spectra, which are very similar, are
properly fitted with a distribution of sextets with hyperfine
field ranging from 40 to 51 T. In both samples the isomer
shifts (IS) and quadrupole splitting (QS) of the sextets in the
distribution are respectively 0.35 mm s−1 and−0.28 mm s−1,
typical of Fe3+ and very close to the values expected for crys-
talline haematite23 at room temperature (IS = 0.3 mm s−1,
QS =−0.197 mm s−1).

For the two samples, the distribution shows that the most
probable value of the hyperfine field is about 48 T and the
mean hyperfine value is 47.3 T, which are values lower than
that observed in pure�-Fe2O3 (51.75 T at 300 K). This indi-
cates that the neighbouring of the Fe3+ sites has been altered
with respect to that of�-Fe2O3. However, the changes mainly
affect the hyperfine magnetic field and have little influence
on the IS and QS, which are related to the electron density
and electric field gradient at the nucleus of Fe3+ ions, respec-
tively. Thus, this can be indicative of Cr3+ substitution at the
Fe3+ sites (Cr is not magnetic, but is similar from the charge
point of view).

However, it should be noted that the foregoing spectra
could also be fitted to two sextets (each sextet would cor-
respond to an Fe site) with hyperfine field values of 48.4
and 46.3 T which more closely approach those of Fe3O4 (49
and 46 T) in the composition prepared with industrial grade
reagents than with CP grade reagents. However, the values
1.3 0.7 3 1.3 0.7 3
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Table 4
O1s, Fe2p and Cr2p binding energies and surface atomic ratio for Fe1.3Cr0.7O3 (I) and Fe1.3Cr0.7O3 (L) fired at 1200◦C/2 h

Sample (Vca Fe2p (eV) Cr2pb (eV) O1sb (eV) Fe/O Cr/O

Fe1.3Cr0.7O3 (L) 11.7 710.4 576.0 (46655) 529.6 (231600) 0.205 0.191
578.6 (12093) 531.8 (88534)

Fe1.3Cr0.7O3 (I) 8.45 710.4 576.6 (13803) 530.0 (172600) 0.250 0.200
579.1 (2248) 532.2 (64661)

a Charge correction related to the C1s peak.
b The peak area of each component is given in brackets.

of the isomer shift and the quadrupole shift do not fit those
of Fe3O4 as well, which is why it is considered these could
be assigned to Fe3O4 replaced with Cr.

The O1s, Fe2p and Cr2p binding energies recorded in the
XPS spectra for Fe1.3Cr0.7O3 (I) and Fe1.3Cr0.7O3 (L) fired
at 1200◦C/2 h are listed inTable 4, together with the surface
atomic ratio.

The O1s core level line of the Fe1.3Cr0.7O3 (I) sample
shows the presence of two components at 530 and 532.25 eV.
The peak at 532 eV can be related either to OH or carbonate
impurities, while the O1s binding energy for both iron or
chromium oxide is approximately 530 eV. The O1s core line
of the Fe1.3Cr0.7O3 (L) sample shows a 0.4 eV shift to lower
binding energy, which could probably be related to some
charge effects.

The Cr2p core level XPS spectra of both Fe1.3Cr0.7O3 (I)
and Fe1.3Cr0.7O3 (L) samples are presented inFig. 7. In both
cases a slight asymmetry in the high binding energy region
of the Cr2p3/2 line is observed, leading to a two components
decomposition of the Cr2p core line. Binding energies of
576.6 and 579.15 eV are obtained for the Fe1.3Cr0.7O3 (I)
sample, while a∼0.5 eV shift to lower binding energy is
observed for the Fe1.3Cr0.7O3 (L) sample. This shift is the
same as observed in the O1s core level line, probably related
to charge effects. Thus, we can assume the same type of
chromium species in both samples. According to literature
d t one

F
F

in both samples, can be related to the Cr(III) species, while
the 579.6 eV component is related to the Cr(VI)24 or Cr(V)
species25. The presence of the more oxidised Cr species is
low in both samples (20% in the Fe1.3Cr0.7O3 (L) sample,
and 14% in the Fe1.3Cr0.7O3 (I) sample).

The Fe2p core level XPS spectra are shown inFig. 8 for
both Fe1.3Cr0.7O3 (I) and Fe1.3Cr0.7O3 (L) samples. In both
cases, the peak is rather asymmetric. Similar asymmetry has
been observed in the literature, due to multiplet splitting. The
binding energy of the Fe2p3/2 peak in the Fe1.3Cr0.7O3 (I)
sample is 710.4 eV, which can be related to Fe3O4,26 con-
taining both Fe(III) and Fe (II) species.

In the Fe1.3Cr0.7O3 (L) sample, a peak at a binding energy
of 710.4 eV is observed, together with a more pronounced
shake-up satellite at 719.0 eV. The presence of this satellite
is characteristic of Fe(III). Note that in the Fe1.3Cr0.7O3 (I)
sample, this satellite structure is not clear at all, confirming
the coexistence of both Fe(III) and Fe(II) species. Further
note a shift of 0.4 eV to a lower binding energy observed in
the Fe1.3Cr0.7O3 (L) sample due to charge effects. Thus the
“corrected” binding energy of the Fe2p3/2 core line should
be 710.8 eV, close to the value reported for Fe(III).26,27

In accordance with the XPS spectra, no differences are
observed in the oxygen and chromium species, while a small
difference in the oxidation state of the iron species can be
inferred between the FeCr O (I) and Fe Cr O (L)
s ne in

F
F

ata, the 576.6 eV component, which is the predominan

ig. 7. Cr2p core level XPS spectra of samples Fe1.3Cr0.7O3 (I) and
e1.3Cr0.7O3 (L).
1.3 0.7 3 1.3 0.7 3
amples. The Fe(III) species seems to be the only o

ig. 8. Fe2p core level XPS spectra of samples Fe1.3Cr0.7O3 (I) and
e1.3Cr0.7O3 (L).
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the Fe1.3Cr0.7O3 (L) sample, while both Fe(II) and Fe(III)
can be inferred in the Fe1.3Cr0.7O3 (I) sample. This is con-
firmed by the auger parameter. Indeed, the same auger pa-
rameter has been obtained for Cr (α = 1088.2 eV) while the
Fe auger parameter is 1.45 eV higher in the Fe1.3Cr0.7O3 (L)
sample (α = 1414.6 eV) than in the Fe1.3Cr0.7O3 (I) sample
(α = 1413.15 eV). Note that the auger parameter is indepen-
dent of charge effects and depends only on coordination, ox-
idation state and environment of the metal. Thus, differences
in the nature of the iron species can be inferred according to
the XPS and X-ray induced AES spectra, while the nature of
the chromium species seems to be similar in both samples.

According to the XPS data, in the pigment synthesised
with industrial grade raw materials, Fe is found in oxida-
tion states +2 and +3 as Fe3O4. As the Mössbauer data are
also consistent with the existence of Fe3O4 replaced with
chromium, the formation of an FeII (FeIII ,CrIII )2O4 brown
spinel can be assumed. The Mössbauer and XPS data would
both explain the differences remarked previously in the val-
ues of the chromatic coordinates and of the Cr(VI) content in
the washing liquids. The greater quantity of Fe(II) detected
in the sample prepared with industrial grade reagents might
stem from the presence of sulphur as an impurity, determined
by XRF analysis (Table 1), which could reduce Fe(III).
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. Conclusions

The best composition and synthesising conditions fo
taining a black ceramic pigment have been establi
without the use of a more complicated mixture of dif
ent oxides, as is the case of a black pigment used i
ceramic industry.
The use of industrial grade reagents enables obtain
black ceramic pigment with a low environmental imp
though with poorer chromatic quality when compared w
a sample prepared under the same conditions but mad
reagents of greater purity.
The differences in behaviour of samples prepared wit
dustrial quality and CP grade reagents are to be attrib
to both the presence of Fe(II) and differences in par
sizes.
The presence of Fe(II) in industrial quality reage
detected mainly by XPS measurements allows
FeII (FeIII ,CrIII )2O4 brown spinel to form, which could e
plain the differences in the chromatic coordinates.
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