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Abstract

In this study, Cr,O; green pigments were prepared using two types of CrOOH, a-CrOOH and y-CrOOH, and the resulting pigments were
characterised. The thermal decomposition behaviours of the two types of synthesised CrOOH were discussed. The resulting Cr,O5 pigments were
characterised using X-ray diffraction (XRD), scanning electron microscope (SEM), International Commission on Illumination (CIE-L*z*b™) and
ultraviolet—visible diffuse reflectance spectroscopy (UV-vis DRS). The key factors and mechanism that influenced the preparation of the Cr,O3
green pigments were studied. The results revealed that y-CrOOH produces Cr,05 that is more homogeneous, has a uniform size of 200-400 nm
and a yellowish-green colour compared to a-CrOOH, which produces Cr,O3 with non-uniform sizes and a brownish-green colour. In addition to
the different particle morphologies and sizes, the change in the crystal field, which leads to a shift in the 4A2g—>4T1 o and 4A2g—>2T2g transition,
also affects the colour of the pigment. Lastly, a series of Cr,O3 green pigments displaying a wide range of colours were prepared by calcining

mixtures of a-CrOOH and y-CrOOH with different compositions.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Pigments are the primary ancillary materials used in the
production of paints, plastics, rubber, building materials, and
inks. Due to the different special requirements of various
applications for pigments, such as coatings, inks, and ceramics,
a general pigment cannot satisfy the requirements for all cases.
Therefore, researchers are committed to the development of
special types of pigments. Chrome oxide (Cr,Os3) is known as
one of the most desirable green pigments due to its high thermal
stability, migration resistance, and excellent light fastness [1].
Colour performance is the most important requirement for
Cr,03 pigments. However, the chromatic properties of Cr,O3
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pigments are limited to one colour and unsatisfactory. Extensive
research works have been devoted to producing the widest range
of pigment-grade Cr,O; on the market while maintaining its
thermal and chemical stabilities.

At present, the industrial production of Cr,O; green pigment
employs two conventional techniques: one is the reduction of alkali
metal chromate with ammonium sulphate, sulphur or carbon; the
other is the thermal decomposition of Cr(VI)-compounds [2—4].
Numerous attempts have been devoted to synthesising different
colours of Cr,O5; using conventional techniques. These attempts
can be classified into two approaches. One approach is adding
additives. Additives would have to produce controlled growth
because crystal size and uniformity determine the pigment
characteristics of Cr,Os. Several compounds, such as sawdust,
starch, sodium sulphate, and boric acid, have been used as
additives. This method converts less green, less yellow, and darker
Cr,0; to a more valuable bright green Cr,O3 [5-7]. The other
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approach is doping other metal ions into Cr,O; to form solid
solutions. Several metal ions, such as Al, Ba [8], Ti, V [9,10], La,
Pr[11], Co [12,13], Fe [14], Y, and Mg [15], have been doped into
Cr, 03 to replace the chromophore ion and to strengthen the colour.
However, for the traditional production process, the environmental
pollution resulting from sulphur dioxide and Cr(VI)-containing
dusts is often serious [16,17]. In addition, the amounts of the other
metal ions must be strictly controlled because they may be able to
reduce the main content of Cr,O5 pigments.

A novel process for preparing Cr,O3 from chromite ore has
recently been developed in our laboratory. First, chromite ore
was decomposed by a high concentration of a KOH aqueous
solution under an oxidative atmosphere to obtain potassium
chromate (K,CrO,) [18-20]. The obtained K,CrO, was then
converted into chromium oxyhydroxides (CrOOH) through
hydrogen reduction [21]. Lastly, Cr,O; was obtained through
the thermal decomposition of CrOOH [22]. This new method
greatly decreased the environmental pollution resulting from
sulphur dioxide and Cr(VI)-containing dusts. Although these
Cr,0O5 products exhibit rather good tinting strength and thermal
stability, their chromatic properties are single and unsatisfac-
tory. Therefore, further studies are needed to produce the
widest range of pigment-grade Cr,Os3.

Thus, this work was aimed at increasing the diversity of Cr,0O5
colours and preparing a series of Cr,O; based on the thermal
decomposition of CrOOH. It is well known that CrOOH is the
primary precursor for the preparation of chromium oxides (Cr,Os,
CrO,) [23-26]. Three synthetic types of CrOOH have been
reported to date. The first is rhombohedral a-CrOOH with space
group R3m; the second is orthorhombic B-CrOOH with space
group Pnnm; and the third is amorphous y-CrOOH [27-30].
However, few studies have reported using the thermal decomposi-
tion of CrOOH to manufacture Cr,O3 green pigments in industry.
The present work is focused on synthesising Cr,O; pigments by
calcining two types of CrOOH. y-CrOOH and a-CrOOH were
here prepared from the hydrogen reduction of K,CrO,. The
influence of different thermal decompositions of y-CrOOH and
o-CrOOH on the crystallisation, morphology, and colour perfor-
mance of Cr,O; was studied. Lastly, a series of pigments were
synthesised by calcining mixtures of «-CrOOH and y-CrOOH with
different compositions. The characteristics of Cr,O5 with different
colours were discussed. The key factors and mechanism that
influence the colour were analysed.

2. Experimental

The K,CrO,4 used in this work was of analytical grade and
was manufactured via the novel KOH hydrometallurgical
process [20]. A demonstration plant (Bluestar Yima Chrome
Chemical Materials Co. Ltd.) which uses this process was built
in He’nan Province, PR China. The purity of the hydrogen gas
was 99.99% vl/v.

Gas—solid reduction was performed in a tube furnace with a
programmable temperature controller. A nickel boat, loaded with
60 g of K,CrO,, was placed into the furnace tube. Hydrogen was
introduced into the tube at a flow rate of 0.6 L/min. The reaction
temperature was increased to and maintained at 450 °C for 1 h.

After the tube furnace was cooled, the reduction product was
lixiviated many times with distilled water to remove soluble
components. After filtering, the remaining solid intermediate in
the form of amorphous CrOOH was then dried. The colour of the
filtrate was also observed to change from the previous green-
yellow colour to yellow after it was completely diluted, and a
type of green gel material in the form of Cr(OH);-3H,O
appeared in the solution [21].

When the hydrogen reduction temperature was increased to
650 °C, it was rather difficult to form Cr(OH);- 3H,O [21]. The
reduction products obtained at 650 °C were lixiviated with distilled
water to remove soluble components. After filtering, the remaining
solid intermediate was added to distilled water, which was
maintained under constant stirring for more than 12 h at 80 °C.
Some greyish-green powdered substances were observed to be
suspended in solution, while large black particles settled at the
bottom of the beaker. The large black particles and the greyish-
green powder were separated by centrifugation, dried at 100 °C for
12 h, and then named samples S1 and S2, respectively.

Samples S1 and S2 were sintered in an electric muffle
furnace at 950 °C for a soaking time of 1.5 h and then rapidly
cooled. The resulting Cr,O; samples were lixiviated with
distilled water. The final products were recovered, generally
by filtration and drying.

The colour performance data were reported using the CIE
L¥a*b* (1976) colourimetric system. The CIE-L*a*h* colour
parameters were measured for the Cr,O; samples and for standard
samples used in industries. A Datacolor 110 colorimeter, manu-
factured by Datacolor Co., Ltd., USA, equipped with an illuminant
D65 and 10° complementary observer as required, was employed.
The value of CIE-L* denotes the degree of lightness and darkness
of the colour in relation to the scale extending from white
(L*=100) to black (L*=0). The value of CIE-a* denotes the
scale extending from the green (—a*) to red (+a™) axes. The
value of CIE-b™ denotes the scale extending from the blue (— 5™
to yellow (4b™) axes. For each colourimetric parameter of the
analysed sample, three values were measured, and the average
value was chosen as the measurement result.

Thermogravimetry (TG) and differential scanning calorime-
try (DSC) measurements were performed in an air atmosphere
at a heating rate of 10 °C/min. Microstructural characterisation
of the powders was conducted using a JSM-6700F NT
scanning electron microscope (SEM), supplied by JEOL.
X-ray diffraction (XRD) patterns were recorded using a
Rigaku diffractometer employing Cu Ka radiation (from 5°
to 90° 20, with steps of 0.02° 26, and a counting time of 2 s per
step). The optical properties of the samples were then analysed
by diffuse reflectance spectroscopy (UV-vis), which was
performed using a Perkin-Elmer (lambda 2000) spectrophot-
ometer in the wavelength range of 400-780 nm employing
barium sulphate as a reference.

3. Results and discussion
XRD was used to determine the crystal structure of the products.

Fig. 1 presents typical XRD patterns of sample S1 (the large black
particles) and sample S2 (the greyish-green powdered substances)
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obtained by hydrolysing the solid intermediates. Sample S1
presents an amorphous phase, which coincides with amorphous
y-CrOOH. Compared to sample S1, all diffraction peaks in sample
S2 are well indexed and in good agreement with the standard
JCPDF card no. 090331. No impurity peaks are observed,
indicating that sample S2 has a single crystalline phase: thombo-
hedral a-CrOOH [31]. As reported by Li et al., the intermediate
products that were obtained from the high hydrogen reduction
temperature (650 °C) are a well-crystallised material [22]. The
XRD measurement results indicate that the CrOOH in sample S1 is
amorphous (y-CrOOH), while the CrOOH in sample S2 is
rhombohedral (x-CrOOH).

Fig. 2 compares the SEM images of samples S1 and S2. As
shown in Fig. 2(a), sample S1 appears to be non-crystallised lumpy
aggregates. A similar SEM morphology of natural y-CrOOH was
reported by Shpachenko et al. when they investigated the genesis
and compositional characteristics of natural y-CrOOH [30]. Sample
S2 is observed to have a crystallised plate-like morphology, as
shown in Fig. 2(b). Some of the particles have the shape of a
hexagonal crystal platelet, as expected from the R3m crystal
structure, which is consistent with previous studies [23].

The TG-DSC analyses of y-CrOOH and o-CrOOH are
shown in Fig. 3. A minor mass loss step is observed from
25 °C to 430 °C, which is attributed to the loss of water from

Intensity (a.u.)

S1

20 40 60 80
20 ()
Fig. 1. XRD patterns of samples S1 and S2.

the structure. A second mass loss step is observed between 420
and 440 °C, which is attributed to the dehydroxylation of the
compound. A Cr,0j3 crystalline phase is produced from the
thermal decomposition of CrOOH. Amorphous y-CrOOH
shows a sharp exothermic peak centred at 437.1 °C corre-
sponding to the crystallisation of Cr,O;, whereas a-CrOOH
shows an endothermic peak centred at 426.3 °C corresponding
to the crystallisation of Cr,O5. The reactions are described as
follows:

2]/-CI'OOH = CI'203 + Hzo (1)
2a-CrOOH = CI'203 + HQO (2)

During the course of decomposition, a particle was first
destroyed into fine Cr,Oj3 crystallites, accompanied by micropore
formation, and recrystallised to yield a single crystal Cr,O3
particle [32]. The unit cell parameters of a-CrOOH are
a=b=2979 A and ¢=13.70 A. The o-CrOOH is a layered
structure compound, in which the linked CrOgq ™ plates are stacked
in the c-direction through H-bonding [31]. During the decom-
position of a-CrOOH, the water molecules to be emitted will be
formed by heat from all of the hydrogen atoms in the hydrogen
atom layers and one-fourth of the oxygen atoms in two oxygen
atom layers. One-fourth of the chromium ions in two chromium
ion layers must be displaced into the hydrogen atom layers
[32,33]. This course would absorb heat and requires more energy
than the decomposition process of amorphous y-CrOOH. There-
fore, a-CrOOH shows an endothermic peak. However, the
crystallisation of Cr,O; is an exothermic process. Therefore,
amorphous y-CrOOH shows a sharp exothermic peak. Li et al.
also reported that under a high hydrogen reduction temperature,
the intermediate would require more energy to form Cr,O; [22].
The result is consistent with previous reports.

During the thermal decomposition of CrOOH up to 950 °C,
all samples are observed to transform into a well-crystalline
Cr,05 phase, as shown in Fig. 4. Cr,O3 with space group R-3c
is identified according to JCPDS card No. 38-1479. All of
these thermal products are observed to have high crystallinity.
No impurity peaks are observed.

Fig. 5 compares the morphologies of Cr,O3 samples obtained by
calcining different precursors. According to Fig. 5(a), the particles
of sample Al (prepared from y-CrOOH) exhibit regular tabular

Fig. 2. SEM of samples S1 and S2: (a) S1; (b) S2.
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Fig. 3. TG-DSC curves of CrOOH precursors in air: (a) y-CrOOH; (b) a-CrOOH.

morphologies with a uniform size of 200400 nm, and these
particles are fully crystallised. However, the morphology of sample
A10 (prepared from o-CrOOH) appears to be irregular, with non-
uniform particles that have diameters ranging from 0.3 to 3 pm.
It has been shown that the amorphous material was an excellent
precursor and offered several advantages over the crystalline
precursor [34]. From the experimental data, y-CrOOH plays a
desirable role in regulating crystal growth and produces a Cr,O5
pigment with a uniform size, whereas a-CrOOH produces a Cr,05
pigment with non-uniform sizes.

Colour performance is an important characteristic for
pigments. The colours of the Cr,O; samples, characterised
by L*a*b™ coordinates, are provided in Table 1. The commer-
cial Cr,O5 pigment (sample P1), which was produced through
the reduction of Na,Cr,O5 with (NH4),SO,4, was chosen as the
reference sample. Sample Al (prepared from 7y-CrOOH)
presents a brighter yellowish-green colour. Sample A10
(prepared from a-CrOOH) exhibits a significantly less green
and darker poor colour.

To increase the diversities in colour performance, Cr,O3
samples were prepared by calcining mixtures of a-CrOOH and
vy-CrOOH with different compositions. The colour parameters
(CTE-L*a™b*) are also summarised in Table 1. The value of a™*
increases by more than 6 when the content of a-CrOOH
increases from 0 to 100 wt%. The value of b* decreases by
more than 8 when the content of a-CrOOH increases from 0 to
100 wt%. The L* values of all samples are from 51.32 to
48.43, which are very similar to those of the reference sample.
This can result in changing colours from bright yellowish-
green through bluish-green to brownish green. The significant
differences in the colour performance of samples Al, AS, and
A10 can be observed in Fig. 6. In addition, the hues of samples
Al to A3 are very similar to that of the commercial Cr,O3
pigment sample P1.

It is well known that the intrinsic properties of inorganic
pigments are highly affected by their composition, structure,
crystallinity, size, and morphology. From the experimental
results, Cr,O3 with different particle morphologies and sizes
are obtained using different precursors. Amorphous y-CrOOH
produces Cr,O3 with a uniform size, whereas rhombohedral
a-CrOOH produces Cr,O; with non-uniform sizes. The

Al10
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Intensity (a.u)

T T T T T T T
20 40 60 80

26 ()
Fig. 4. XRD patterns of samples Al and A10. Al: Cr,O; prepared from y-
CrOOH; A10: Cr,0; prepared from a-CrOOH.
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particle morphology and size distribution strongly affect the
hue, hiding power, and tinting strength of the pigments
[35,36].

The colour imparted by Cr,O5 pigments is the result of the
interaction between the absorption and scattering of light.
Chrome oxide has a refractive index of approximately 2.5,
which means that a particle size of approximately 300 nm is
the ideal primary particle size for Cr,O5 pigments to produce
optimal tinting strength and scattering power in a standard
binder [37,38]. The average particle sizes of Cr,O3 prepared
from y-CrOOH are approximately 200—400 nm (Fig. 5(a)),
which appear to be identical to the ideal primary particle sizes.
Their chromatic coordinates (L*=50.80, a*=-18.71, and
b*=20.23) are also excellent. With increasing mean particle
sizes, the scattering power decreases more relative to the
absorption of the pigment and the obtained colour is darker,
bluer, and less saturated [38]. Cr,O5 prepared from a-CrOOH
has large tabular particles and large sizes; thus, the colours
should be a darker bluish green. This phenomenon is con-
sistent with the changes in the L*a™h* values.

The optical properties of Cr° ™ ions (3d°) in Cr,O5 originate
from d—d electronic transitions. The optical transitions originate
from the strong spin-allowed but parity-forbidden 4A2g—>4T2g



S.-t. Liang et al. / Ceramics International 40 (2014) 43674373 4371

Fig. 5. SEM images of samples Al and A10: (a) Al: Cr,O5 prepared from y-CrOOH; (b) A10: Cr,O5 prepared from a-CrOOH.

Table 1

Chromatic coordinates of Cr,O5 pigments (A1-A10) obtained from calcining precursor with different proportions of a-CrOOH and y-CrOOH

at 950 °C for 1.5 h.

Sample Precursor composition (wt%) Colour performance Colour
a-CrOOH y-CrOOH L* a* b*

Al 0 100 50.12 —18.48 20.20 Yellowish-green

A2 3 97 51.55 —18.40 19.82 Yellowish-green

A3 5 95 51.81 —18.43 19.56 Yellowish-green

A4 7 93 48.43 —17.57 18.08 Bluish-green

AS 10 90 49.12 —16.75 17.27 Green

A6 20 80 49.37 —16.45 17.34 Green

A7 30 70 51.65 —15.99 16.97 Brownish-green

A8 40 60 50.02 —15.04 16.10 Brownish-green

A9 50 50 51.32 —14.42 15.19 Brownish-green

Al10 100 0 49.02 —12.07 11.97 Brownish-green

P1 - - 49.51 —18.00 19.25 Yellowish-green

Fig. 6. Photographs of Cr,O3 pigments, (a) sample Al, (b) sample AS, and (c) sample A10. Colours of the pigments change from bright yellowish-green (A1) to
green (A5) to brownish-green (A10). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and 4A2g—>4T1g transitions as well as from the weak spin and
parity-forbidden 4A2g—>2E2g and 4A2g—>2T1g transitions [15,
39,40].

The absorbance curves of the pigments in the UV—vis region are
presented in Fig. 7 after subtracting the contribution from the
substrate. The absorbance spectra present two well-defined and
well-resolved bands in the blue (approximately 460 nm) and
yellow (approximately 600 nm) regions of the spectra, respectively.

A shoulder in the orange (650-700 nm) regions can also be
observed. In fact, a strong absorption feature is observed at
600 nm, most likely originating from the 4A2g—>4T2g transition
of chromium ions in an octahedral environment [41]. The bands at
approximately 460 nm can be assigned to the 4A2g—>4T1g transi-
tion of the six-coordinate geometry [l11]. Simple nonlinear
statistical multi-peak fitting leads to a shoulder centred at
700 nm, attributed to the 4A2g—>2T1g, 2E2g transition [40].
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Fig. 7. UV-vis absorption spectra of Cr,O; pigments: samples A10, A9, A8, A6, and Al.

Table 2

Values of Racah parameters B and C and the energies (E) required for electronic transitions of Cr (III) from ground state 4A2g.

Sample Precursor composition (wt%) E (‘T)y) E (‘T;y)=10Dq E (Tyy) E (‘Ey B c
a-CrOOH y-CrOOH

Al 0 100 16648 21,645 14780 - 466 3527

A6 20 80 16636 21,667 14799 - 470 3522

A8 40 60 16604 21,667 14740 - 474 3492

A9 50 50 16694 21,669 14644 - 464 3490

Al0 100 0 16696 21,706 14616 - 468 3469

A gradual shift of these bands can be observed with variations
of y-CrOOH and a-CrOOH in the precursors.

Deconvolution of the UV-vis spectra of the Cr,O5 pigments
was conducted, and the results are presented in Table 2. The
energy of the spin-allowed 4Azg—>4T]g transition varies
between 21,706 and 21,645 cm ™" according to the change of
a-CrOOH and y-CrOOH. The absorption peaks are red-shifted,
showing increases in the b* value. The energy of the spin-
forbidden 4A2g—>2T2g transition presents little variation. This
energy shifted from 147616cm™' in sample Al0 to
14780 cm ™' in sample Al. A red-shift in the spectra occurs
for sample Al. Red colour is absorbed, and a complimentary
bright green colour appears.

4. Conclusion

Through the hydrogen reduction of K,CrO,, two different
types of CrOOH, y-CrOOH and o-CrOOH, were prepared.
Amorphous y-CrOOH produces more homogeneous Cr,O3 with
a uniform size of 200400 nm and a yellowish-green colour.
Rhombohedral a-CrOOH produces Cr,O5 with non-uniform sizes
and a brownish-green colour. By changing the proportions of a-
CrOOH and y-CrOOH in the precursor, the resulting pigments
can exhibit a variety of controllable colours, including bright
yellowish-green, bluish-green, green, and brownish-green.

Furthermore, the different precursors (i.e., y-CrOOH and o-
CrOOH) may affect the particle morphologies, sizes, and the
crystal field of the Cr,O; pigment, thus affecting the final

greenish colouration. When the Cr,O3 green pigment is prepared
from y-CrOOH rather than a-CrOOH, a red-shift of the absorp-
tion peaks resulting from the 4A2g -, ¢ transition occurs, which
helps to increase the b* value. The red-shift of the absorption
peaks due to the 4A2g—>2T2g transition might also be helpful to
improve the —a™ value.
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