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Stainless steel dust (SSD) can be utilized as the primary raw material for the production of Fe-Cr-Ni-Mn system black ceramic
pigments because it is high in transition metal elements. However, in addition to the ingredients required for the preparation
of black pigments, it also contains some impurity elements like Ca, Mg, Si and Zn, and the influence of these impurity elements
on the coloring performance of the pigments is unclear. In this paper, pure chemical reagents were used as raw materials to
simulate the main components of SSD for the solid-phase synthesis of black ceramic pigments doped with various impurity
components (CaO, MgO, SiO, and ZnO). The results show that the doping of MgO can improve the purity of the prepared
black ceramic pigments, whereas CaQ, SiO, and ZnO can turn the pigments become reddish yellow. In the doped samples,
ZnO and MgO mainly react with Fe,O; to form ZnFe,0, and MgFe,0,. In addition, CaO reacts with Fe,O; to generate
CaFe, 0O,. The reactions described above can increase the average crystallite size and distort the crystal lattice of the crystals
in the pigment samples. Moreover, SiO, exists in amorphous form among spinel grains.
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Introduction making it ideal for the production of this series of black
pigments. Therefore, the preparation of black ceramic
In the traditional production process, cobalt oxide pigment from industrial solid waste rich in transition
needs to be added for pure black ceramic pigment, but metal elements has attracted the interest of many
its high price limits the development of cobalt- academics.
containing black ceramic pigment. As a result, some Stainless steel dust (SSD) is a typical industrial waste
researchers have developed a Fe-Cr-Ni-Mn system for produced during the of stainless steelmaking process
black ceramic pigments to address the challenges posed by EAF and AOD converters. It has an abundance of
by cobalt content and to meet the demand for cumulative Fe, Cr, Ni, and Mn transition metal resources, with Fe
light absorption multiple chromophores in the production concentrations ranging from 21-60 wt%, Cr 8-17%
of black ceramic pigments [1, 2]. Currently, this series wt%, Ni 3-9 wt%, and Mn 2-8 wt%. These transition
of pigments is produced using three different types of metal elements are most commonly found as oxides
raw materials: chemical raw materials, mineral raw and spinel [7-9]. Direct reduction or molten reduction
materials, and industrial solid waste [3]. Although processes in pyrometallurgy are commonly used to
chemical raw materials can be used to create high- recover transition metal elements from SSD, such as
purity spinel pigments, the cost is higher than other Scan Dust AB plasma technology, Inmetco Process,
options [4,5]. Mineral raw materials have the one-step reduction direct recovery process, electric
advantages of low cost and wide distribution, but their furnace direct reduction recovery technology, and so
utilization rate is relatively low (30-40 wt%) [6]. on. The aforementioned processes, on the other hand,
Industrial solid waste contains a considerable amount have drawbacks such as a low recovery rate, a high
of transition metal elements required for the preparation reduction temperature, and secondary pollutants [10, 11].
of this series of elements, and its preparation can aid in Because of the abundant concentrations of transition
the resolution of solid waste pollution concerns, metal elements in SSD, the economical cobalt-free

black ceramic pigments with the Fe-Cr-Ni-Mn system
can be prepared by using SSD, avoiding the problems

*(ij’lrfejggnf‘siggﬁitgolz 2 associated with traditional treatment processes [12, 13].
F:.x; 186-027-68862529 Furthermore, the Cr in the black ceramic pigments is
E-mail: zx91 @wust.edu.cn fixed as chromium spinel, which improves the antioxidant
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capacity of chromium and effectively inhibits chromium
leaching [13]. According to the previous study [14], the
primary phases of the pigments prepared by this
method are FeCr,O,;, NiMn,O4 and solid-solution
oxides Cry;Feq;,03, and the pigments have good coloring
properties. However, due to the complex compositions
of SSD, a certain quantity of impurity elements such as
Ca, Si, Zn, and Mg (0.83-14.78 wt% of Ca, 0.09-4.5
wt% of Si, 0.04-4.5 wt% of Zn and 0.04-3.76 wt%
of Mg) may affect the properties and color of the
prepared black ceramic pigments [14-16]. Further
investigation is needed to determine the effect of
impurity elements in SSD on the coloring properties
and phase compositions during the preparation of Fe-
Cr-Ni-Mn black ceramic pigments.

In this study, chemical reagents were prepared and
used to simulate the main chemical components of
SSD. By using the solid-phase synthesis method, the
Fe-Cr-Ni-Mn black ceramic pigments were prepared
from the simulated SSD and additional chemical
components. The effects of the impurity components
(CaO, MgO, SiO, and ZnO) in SSD on the
microstructure, phase compositions, and coloring
properties of the created pigments were studied, and
the findings can help guide the safe use of black
ceramic pigments made from SSD.

Experimental

Preparation of sample

The chemical reagents Fe,O;, Cr,0O;, MnO and NiO
were mixed uniformly according to the molar ratio of
6:1:1:1 based on previous theoretical calculation results
and experimental findings [17-19]. The corundum
crucible containing the mixture was placed in a muffle
furnace, calcined for 30 min at 1150 °C (heating rate of
10 °C/min), and then cooled with the furnace to obtain
an undoped Fe-Cr-Ni-Mn system black pigment
sample. Moreover, prior researches indicate that when
SSD is used to synthesize Fe-Cr-Ni-Mn system black
ceramic pigments, the percentage of SSD in the raw
material is around 50 wt% [17-19]. Therefore, a certain
amount of impurity oxides shown in Table 1 were
respectively added to the raw materials based on the
fluctuation range of each impurity oxide composition
in SSD, with the molar ratios of the primary
components Fe,0;, Cr,O3, MnO, and NiO maintained
at 6:1:1:1. The doped pigment samples were prepared
under the same conditions as the undoped samples to
obtain different oxide-doped Fe-Cr-Ni-Mn system
black ceramic pigments.

Table 1. The proportion of different impurity components in the
raw material (wWt%).

Impurity components CaO MgO SiO, ZnO
Content 6.67 2.5 2.5 2.5

Characterization

The phase compositions of the pigment samples were
analyzed by X-ray diffractometry (X'Pert PRO MPD,
Cu Ka, tube voltage 40 kV, test current 40 mA, scanning
speed 2°/min, 26 scanning range 10°~70°). Emission
scanning electron microscopy (Philips NanoSEM400)
and energy dispersive X-ray spectroscopy were used to
examine the micromorphology of the samples (FEI
350PentaFETX-3). The L*, a* and b* values of the
samples were measured using a portable chromometer
(3NH TS7010), which are the color models developed
by CIE. By using Fourier transform infrared spectrometer
(FTIR, Thermo Scientific Nicolet iS50), the infrared
spectra of the samples were obtained by the KBr tablet
method, and the wavenumber range was 400-4000 cm™.
The diffuse reflectivity spectrum of the samples in the
range of 380~790 nm was measured by a UV-visible
spectrophotometer (Shimadzu UV-2600), and the band
gap width of the samples was calculated by using the
Kubelka-Munk formula, as shown in Eq. (1) [20]:

F(R) = (1-R)*2R 1))

where R is the reflectivity at a specific wavelength.
Then, the curve of [F(R)av]" vs hv (h is Planck’s
constant and v is the frequency of light) can be
obtained. While the linear part of the curve is
extrapolated to F(R)=0, the x-intercept value is the
band gap width of the samples.

Results and Discussion

XRD analysis

The XRD patterns of the undoped and doped
pigment samples are shown in Fig. 1. According to
Fig. 1, the undoped pigment sample is primarily made
up of composite spinel phase and Fe,O;, which can
cause the pigment’s color to become pure black. When
MgO, SiO,, or ZnO are doped, the positions of the
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Fig. 1. XRD patterns of different doping pigment samples.
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Fig. 2. XRD patterns of spinel characteristic diffraction peaks in
different pigment samples.

distinctive diffraction peaks of the pigment samples do
not change obviously, and they are all composed of
composite spinel phase and Fe,Os, which are consistent
with the phases of undoped pigment samples. However,
when the pigment is doped with CaO, the XRD pattern
of the pigment exhibits monocline CaFe,O;, and the
intensity of the diffraction peak of Fe,O; decreases,
indicating that the CaO in SSD can react with Fe,0; as
follows:

CaO+2FezO3 — CaFe4O7 (2)

Fig. 2 shows the local enlargement of the distinctive
diffraction peaks of the spinel phase of the doped
pigment. The intensity and position of the distinctive
diffraction peak of the spinel do not change appreciably
when doped oxides are CaO and SiO,, as illustrated in
Fig. 2. This is because neither CaO nor SiO, engages
in the solid-phase reaction of spinel, and SiO, exists in
an amorphous form between spinel grains during high-
temperature solid-phase sintering [21], which is
compatible with published research findings on cation
distribution in spinel [22]. When the doped oxides are
MgO and ZnO, the intensity of the spinel diffraction
peak of the samples increases, indicating that the
crystallinity of the spinel increases. The increase in the
spinel diffraction peak intensity and decrease of the
Fe,O; diffraction peak intensity can be attributed
mostly to the corresponding solid-phase spinel reaction,
which has the following reaction equation:

MgO+Fe,05 — MgFe,0, 3)
ZHO+FCQO3 - ZHFCZO4 (4)

Moreover, the color of MgFe,O, is black, while the
color of ZnFe,O, is brick red [23]. The Gibbs free
energy of the Egs. (2)-(4) is shown in Fig. 3. It can be
found from Fig. 3 that the reactions (2)-(4) can take
place, and the Gibbs free energy of formation of
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Fig. 3. Variation of Gibbs free energy of the related equation with
temperature.

ZnFe,0,4 at 1000-1200 °C is much lower than that of
MgFe,O4. The MgO-doped sample has a higher
intensity of the spinel phase diffraction peak than the
ZnO-doped sample due to the chemical process being
controlled by both thermodynamics and kinetics, with
kinetics having a greater influence in this case. Since
the rate control step of the spinel solid-phase reaction is
frequently a diffusion step, the MgO-doped sample
diffuses faster under the same conditions. When the
doped oxides are MgO and ZnO, in addition to the
direct spinel solid-phase reaction with Fe,Os;, Mg?"
(0.80 A) and Zn*'(0.74 A) may occupy the lattice
positions of the Ni** and Fe?" because their ionic radii
are similar to those of Ni*"(0.69 A) and Fe*"(0.78 A) in
spinel.

For the distinctive diffraction peak corresponding to
spinel in the doped pigment (3 1 1), the Scherrer
formula (Eq. 5) was used to calculate the crystal size of
the sample [24]:

_ KA s
Bcost )
where D is the crystallite size, nm; K is Scherrer's

constant, which is 0.9; A4 is X-ray wavelength, which is
1.54 A; B is half peak width; @is the diffraction Angle,

Table 2 displays data such as lattice constants and
average crystallite size of different doped samples
calculated from the above equation and Bragg's formula,
where Dy, denotes the crystallite plane spacing and a,
b and ¢ denote the lattice constants. Because the spinel
structure belongs to the cubic crystal system, a=b=c.
As can be seen from Table 2, except for the SiO,-
doped sample, the distinctive diffraction peaks of the
spinel phase are shifted to a small angle in comparison
to the undoped sample. This is mainly due to the fact
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Table 2. Lattice parameters and crystallite size of different doping pigment samples.

Sample 20/° Dpg/nm a=b=c/nm D/nm
CaO-doped 35.69272 0.251252 0.833308 41.81547
MgO-doped 35.74474 0.250898 0.832134 39.99298
Si0,-doped 35.90728 0.249799 0.828491 38.26074
ZnO-doped 35.79121 0.250583 0.831089 35.90667

Undoped 35.81084 0.250450 0.830649 39.18193

that, with the exception of SiO,, all doped oxides will
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Fig. 4. FTIR spectra of different doping pigment samples.

(c)

500

react with the original system, leading to the presence
of macroscopic residual stresses and distortions in the
lattice anisotropy contraction. Moreover, the differences
between the lattice constants of the prepared pigment
samples and those of the single spinel phase, such as
NiFe,O, (ICDD 00-023-1119, lattice constant of 8.367
A), indicate that the pigment is composed of a
composite spinel phase. The average crystallite size
will also change as a result of doping with different
oxides, which will alter the sample’s microstructure
and physical properties.

FTIR analysis

To further analyze the functional groups contained in
the pigment generated by doping, the infrared analytical
spectra of various doped pigment samples are given in

(d)

Fig. 5. SEM image of different doping pigment samples; (a) SiO,, (b) CaO, (c) MgO, (d) ZnO
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Table 3. Energy spectrum analysis of different microdomains (atom percentage, at%).

Elements Si Ca Mg Zn Fe Cr Ni Mn (0]
A 45.54 - - - - - - - 54.56
B - - - - 4436 6.26 9.85 6.14 33.39
C - 1.95 - - 42.88 7.24 9.99 6.57 31.37
D - - 3.63 - 39.77 8.36 12.52 5.07 30.64
E - - - 2.72 40.02 7.34 9.19 9.36 31.37
Fig. 4. As shown in Fig. 4, two distinct absorption L5
peaks are visible in the range of 1400-4000 cm™, with Ca0
the broad absorption band near 3424 cm™ corresponding —Si0,
to the stretching vibration of the O-H bond and the —MgO
other near 1576 cm’ corresponding to the bending Zu0
vibration of the H-O-H bond, both of which are 2 Lor [—— Ft-—______u_undomd
associated with water molecules on the sample surface 8 e
[25]. The absorption vibration peaks in the 400-600 i
cm’' range correlate to the absorption vibration peaks =
in the tetrahedral and octahedral positions of spinel %05 e —————————————.
[26], which are primarily generated by the difference in
distance between the metal cation and O% in the
octahedral and tetrahedral locations. The higher
absorption vibration band at 600 ¢cm™ is the natural - : , ,

vibration of the tetrahedral complex, and the lower
absorption vibration band at 400 cm™ is the vibration
of the octahedron [27, 28]. However, the vibrational
peak corresponding to the octahedral position around
400 cm™ for each doped pigment sample is not obvious
due to the broadening of this peak caused by the fine
spinel crystal. Furthermore, the ZnO-doped and MgO-
doped pigment samples show a redshift, indicating a
shift toward longer wavelengths when compared to the
undoped pigment sample. This is because Zn*>" and
Mg*" enter the spinel lattice and replace the ions that
are initially at the tetrahedral position, introducing new
structural flaws in the spinel structure and causing a
redshift in the average lattice constant and lattice
vibration. This conclusion is supported by XRD analysis.

SEM analysis

SEM images of pigment samples with different
doping are shown in Fig. 5. Table 3 shows the results
of the energy spectrum analysis for each typical region
(A-E) depicted in the figures. According to the SEM
images, the particles of the doped pigment samples are
mostly polyhedra with irregular shapes, with particle
sizes ranging from 1-10 pm. There are also some small
aggregates produced by the proximity of crystal
boundaries due to the magnetic dipole-dipole interaction
of the magnetic Fe;O, particles in the pigment [29]. As
shown in Fig. 5, the microscopic morphology of the
pigment samples doped with different oxides varies
slightly. When the results of the energy spectrum
analysis at each position in Table 3 are combined, it is
clear that when doped with SiO,, position A in Fig.
5(a) represents the amorphous presence of SiO,, which

1
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Fig. 6. UV-vis spectra of different doping pigment samples.

is consistent with the results of XRD analysis. In
addition, only the corresponding doping elements are
detected in the pigment particles of the MgO, CaO, and
ZnO doped pigment samples, with no significant
changes in microscopic morphology and size.

Analysis of optical properties

To investigate the color performance of pigments
generated by doping different oxides, the UV-vis
spectra of pigment samples with different doping are
shown in Fig. 6. Fig. 6 indicates the lowest reflectance
of MgO-doped pigment samples to visible light,
suggesting that it has the strongest monochromatic
light absorption capability and the highest black purity.
The reflectance of the ZnO-doped pigment sample is
the highest, and therefore the pigment black coloring is
the worst, which is related to the coloring of the
corresponding products generated after doping. When
the pigment sample is doped with CaO, the absorption
curve of the pigment sample dropped at around 700 nm
in the red and purple region, which was linked to the
synthesis of CaFe, 0, resulting in the light green of the
sample. When the pigment sample is doped with ZnO
The absorption curve of the pigment sample increases
slightly in the range of 580-700 nm, resulting in a
reddish yellow pigment. In comparison to the undoped
pigment samples, the pigment samples doped with
MgO and SiO, had higher overall absorption intensity
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Fig. 7. Band gap of different doping pigment samples.

of visible light and consistency of absorption intensity
for each band, however, doping ZnO has the reverse
effect.

The magnitude of the band gap widths can determine
the final color presentation of the pigments, as shown
in Fig. 7, which was calculated using the Kubelka-
Munk formula and UV-vis spectral data. Fig. 7
indicates the band gap widths (Eg) of all pigment
samples are in the black range (Eg < 1.7 eV) [30]. The
samples doped with MgO and SiO, have smaller band
gaps than other pigment samples, while ZnO samples
have the largest. The charge migration between the 4d
conduction band and the valence band of the outermost
non-spherically symmetric structure of the transition
metal elements Fe, Cr, Ni, and Mn (the hybridized
orbitals composed of B-site elements and O 2p) is the
main cause of Fe-Cr-Ni-Mn black ceramic pigments,
and the minimum energy required for migration is the
band gap width. The smaller the band gap of the black
pigment, the darker the color of the pigment. As a
result, doping with MgO reduces the activation energy
required for charge transfer from the conduction band
to the valence band, but doping with SiO, and ZnO
raise it.

Table 4 shows the changes in chromaticity value of
produced pigment after doping. As indicated in Table
4, the undoped pigment sample is pure black with low
a* and b* values. The L*, a*, b* and color saturation

0.9,
520 2 SIO:A

200 Ay (a0

Undoped A&
MO

R . . | S — *
0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.0 0.1

X

Fig. 8. Chromaticity diagram of different doping pigment samples.

C* values of the pigment prepared by doping CaO,
ZnO, and SiO, all increase slightly, resulting in a
decline in black color performance. When the doped
oxide is MgO, the foregoing metrics decrease to
varying degrees when compared to the undoped pigment
samples, resulting in a reduction in black pigment
brightness, color saturation, and black color presentation
purity. The CIE chromaticity diagram for the relevant
pigment samples is shown in Fig. 8. Point O in Fig. 8
is the extinction point, with color coordinates x=0.3333
and y=0.3333. The color saturation of this point is 0,
and the color becomes blacker as the color coordinates
get closer to this point. As shown in Fig. 8, the color
coordinates of the undoped and doped pigment samples
are very close, indicating that impurity oxides in SSD
have little influence on the color of black ceramic
pigments. The MgO-doped sample has the best black
color, and the x and y coordinates of the samples are
greater than 0.3333, indicating that the pigment
samples are slightly red and yellow (a* and b* values
are greater than 0).

Conclusion

In the preparation of Fe-Cr-Ni-Mn black ceramic
pigments using SSD, the presence of MgO in the dust

Table 4. Chromaticity parameters of different doping pigment samples.

Samples L* a* b* C* AE
Undoped 31.50 0.13 0.20 0.24 -
CaO-doped 33.11 0.33 0.23 0.40 1.62
ZnO-doped 33.02 0.31 0.26 0.40 1.53
MgO-doped 31.33 0.11 0.13 0.17 0.18
SiO,-doped 34.24 0.42 0.37 0.56 2.76
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can enhance the coloring properties of the black
ceramic pigments, while the presence of CaO, SiO, and
ZnO will cause the pigments to be reddish yellow.
Impurity oxides ZnO and MgO combine with Fe,O; to
produce brick red ZnFe,O, and black MgFe,O,,
respectively, whereas CaO reacts with Fe,O; to form
CaFe;O;. Among the spinel grains, SiO, exists in the
form of amorphous. In comparison to the undoped
pigment samples, the absorption intensity of pigment
samples doped with MgO and SiO, is higher and more
consistent for all bands of visible light, but the
absorption intensity of pigment samples doped with
ZnO is lower and inconsistent. Doping with MgO, on
the other hand, reduces the activation energy of the ion
charge transition dramatically, but doping with SiO,
and ZnO increases the activation energy of the transfer.
When pigment samples are doped with CaO, the
visible light absorption intensity and charge transition
activation energy do not change considerably.
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