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Abstract

The synthesis of a new nano-blue ceramic pigment Co,Mg;_,Al,O,4 (0 <x <0.1) using the combination between co-precipitation and combustion
synthesis (CS) method. The structure of pigments is assigned based on thermogravimetric and differential thermogravimetric analysis (TG-DTGA),
X-ray diffractions (XRD), and UV-vis spectroscopy. Also, diffuse reflectance spectroscopy (DRS) using CIE L*a*b* parameter measurement
method, infrared spectroscopy (IR) and transmission electron microscopy (TEM) is used. The result revealed that the nano-size particle pigment
was obtained in range 24-35 nm by using 3-methyl-pyrozole-5-one (3MP50) as a fuel at 400 °C in open furnace. Also, results show the varying

colors and particles’ size as a result of different calcination temperatures from 500 to 1200 °C for 2 h.

© 2008 Published by Elsevier B.V.
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1. Introduction

Inorganic pigments used in plastic, polymer, paints, glasses
and ceramics have traditionally been based on transition metal
compounds [1]. Modification of physical properties of solid
solution can be associated with dopants cations and with changes
defect in crystal structure [2]. The Co,SiO4 olivine, (Co,
7Zn)>Si04 willemite, CoAl,O4 spinel, CopSnOy, (Co, Zn)Al, Oy,
Co(Al, Cr)304 and (Co, Zn)TiO3 are further blue pigments [3].
The traditional source of blue in ceramic pigment depends on
cobalt ion. The color performance of cobalt pigment depends
very much on their thermal stability, chemical reactivity towards
the glaze components and also on the coordination of Co**
ions (tetrahedral coordination is preferred to octahedral) [4].
Ceramic pigment synthesized by several solution techniques
such as sol-gel [5], emulsion precipitation [6], hydrothermal
[7], Penchini method [8.,9], low combustion method [10-13].
The synthesis routs are very important for determining the final
properties of inorganic pigment as color, particle size, resis-
tance to acids and alkaline. In this study, the nano-particles
of CoyMg;_,AlrOy4 spinel pigment prepared by the combina-
tion of co-precipitation and combustion method (CS) at low
temperature.
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2. Experimental
2.1. Materials and reagent

In particular, the starting chemicals used in this study
are: aluminum chloride hexahydrate (AlCI3-6H,0), magnesium
chloride hexahydrate (MgCl,-6H,0) and cobalt chloride hex-
ahydrate (CoCl,-6H,0), urea (H,NCONH3) (Aldrich), sodium
carbonate (Merck), nitric acid 65% (Merck), ethylacetoacetate
(Aldrich) and hydrazine hydrate (99.9%) (Merck).

2.2. Synthesis of 3-methyl-pyrazole-5-one (3MP50)

3MP50 (C4HgN,O) was prepared by the dropwise addition
of 1 mol ethylacetoacetate to 1 mol of hydrazine hydrate (99.9%)
cooled in an ice bath according to the following equation:

CH3;COCH,COOC;Hs | <« N>H4-H,O
— <« C4HgN,O |« H;0 |« C,HsOH

2.3. Preparation of ceramic pigment

The mixture of calculated stoichiometric amounts of metal
salts (aluminum chloride, magnesium chloride and cobalt chlo-
ride) was dissolved in distilled water, co-precipitated by using
sodium carbonate, thoroughly washed by hot distilled water and
dried. This mixture was dissolved in small amount of nitric acid
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Fig. 1. The flow chart of preparation of pigment powder and analysis methods.

on hot plate to become a clear solution and then cooled using
ice. The mixture salts producing mixed with fuel (3MP50) that
is dissolved in small amount of distilled water in Pyrex glass
vessel. The resulting solution was heated on a hot plate until
a clear gel solution with a small amount of water was trans-
ferred into a muffle furnace that was preheated to 400-500 °C.
This solution boils, froths, dehydrates and spontaneously ignited
exothermic reaction by burning of the metal nitrates and fuel
with the release of Ny, CO, and H,O gases. The combustion
reaction was completed within a few minutes, and the ash volu-
minous and fluffy in nature or colored powder was obtained from
some of the redox reaction systems of fuel-nitrate dependent on
the type of the fuels. The flow chart of the process is shown in
Fig. 1.

2.4. Instruments

Thermogravimetric analysis (TGA; TA Instruments,
SDT2960) of the precursor was carried out at a heating rate
of 10°C/min in static air. Phase formation of product was
identified by using X-ray diffraction (XRD; SIEMENS D5000)
with Cu Ko radiation. Transmission electron microscopy
(TEM, modal EM 10 Zeiss, at 60kV) was used to study
the morphology of the synthesized powders by dispersing in
water on a copper grid. The functional groups characterized by
infrared (IR) spectroscopy in 400—4000 range for the calcination
powders at different temperatures by using Jasco FT/IR-460
plus by employing potassium bromide KBr, pellet technique.
The diffuse reflectance of fired pigments was measured in
Jasco spectrophotometer UV—-vis in 300-800 nm range using
standard D65 illumination and barium sulfate as a reference.
The CIE L*a*b* colorimetric method, recommended by the
Commission Internationale de 1’Eclairage (CIE) [14] was
followed. In this method, L* is lightness axis: black (0) — white
(100), b* is the blue (—) — yellow (+), a* is the green (—) — red
(+) axis and AE is the hue variation AE? = (L*)2 + (a*)? + (b*)?.

3. Results and discussion

In general, a good fuel used in a combustion process should
react non-violently, produce non-toxic gases, and act as a com-
plexing agent for metal cations [15]. For different metal cations,
various organic fuels with different ligand groups, i.e. carboxylic
group and/or amine group may exhibit different complex power.
This is one of the important factors that affect the phase for-
mation and morphology of the final product. In addition, the
chemical energy released from the exothermic reaction between
various metal nitrates and various fuels is different. This is
another important factor that affects the phase formation of the
final product because high temperature is in favor of the stable
phase formation and particle aggregation of the final product.

Thermal analysis has been carried out on precursor, from
TG-curve, the weight losses were calculated for the different
steps and compared with those theoretically calculated for the
suggested decomposition based on the results of the elemental
analysis. TG-curve Fig. 2, shows that the weight loss percentages
were 4.9% and 3.5% (calc. 7.9%) at 90-120 °C, this can be
attributed to elimination of the water in sample. The weight loss
of 23%, at the temperature 200-250 °C, represents the removal
of the ligand molecule. The masses remaining at 650 °C were
22.5% corresponding to the removal of CO, CO,, and NO, gases
from the sample then the solid solution of cobalt aluminate and
magnesium aluminate began to be formed at 650 °C. Pyrazolone
system is one of the commonly used fuels in low combustion
synthesis that contains aliphatic amine and carbonyl groups in
their structure.

Infrared (IR) spectra of (0.05%) doping cobalt are present
in Fig. 3. From this figure this can be explained that the sam-
ples at ignition temperature (500 °C) contain a broad absorption
band around 3450 cm™! related to the stretching vibration of
free (-OH) group of water. The absorption bands at 1778 and
1100cm™! are related to the stretching vibration of carbonyl
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Fig. 2. Thermal analysis of F'=0.05% Co using (3MP50) as a fuel.
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Fig. 3. Infrared spectra for F'=0.05% Co by using 3MP50 as a fuel.

(C=0, C-0O) groups of residual organic fuel. The absorption
bands at 1658, 1383 and 825cm™! correspond to undecom-
posed nitrate ions [16]. Weak absorption bands in the region
400-700cm~! appear for the formation trace amounts of
metal oxides. After calcination at different temperatures from
500 to 1200°C, the observed absorption bands in the region
800—4000cm~! are decreased gradually until disappeared at
1100 °C except, the strong absorption band at 3450 cm ™! related
to the stretching vibration of constitutional water [17,18].
Infrared (IR) data will agree with data of X-ray for formation of
the phase under study around 800 °C. The appearance of strong
absorption bands lower than 800cm™! corresponds to metal
oxides. Two absorption bands at high frequency (688-531 cm™1)
are corresponding to AlOg groups building up the magne-
sium spinel as a result of vibration of ions of valence AI**
in octahedral positions [17] and two other bands at low fre-
quency (520-450cm™") are corresponding to CoOg/Cos and
MgOg/MgO4 groups for the cobalt and magnesium spinel as a
result of vibration in the octahedral sites or to mixed vibration
of them in octahedral and tetrahedral [19,20] sites.

The X-ray diffraction for calcinated powders at different fir-
ing temperatures is shown in Fig. 4. Up to 800 °C, the powders
remained X-ray amorphous or contained only small crystallites
that were indicated by the broadening lines will agree with data
of thermal analysis for the formation of the stable phase. At

N N

1100 P O

1000 A ,Ill /1 n A

900
800

700
500

e L i e B N O e

20 25 30 35 40 45 S0 55 60 65 70
2-Theta

Intensity (au)

e BT

Fig. 4. X-ray diffraction for A=0.01 type at different temperatures using by
3MP50 as a fuel.

Table 1
Particle size from X-ray diffraction for different doping types at different tem-
peratures using 3MP50 as a fuel

Doping Temperature

500 700 800 900 1000 1100 1200
0.01 Am 6.3 7.54 18.89 24.78 30.03 43.28
0.05 Am 4.45 5.98 16.64 21.15 27.25 42.12
0.1 Am 571 8.92 15.9 17.1 23.73 30.83

Am: amorphous.

900 °C the calcinated powders begin to appear as the spinel of
crystalline form producing from amorphous phase. By increas-
ing temperature above 900 °C, intensities of peaks increase
gradually until sharpened peaks are observed [21]at 1100 °C and
1200 °C. The crystalline spinel phase content [22] and also the
particles’ size increase with increasing calcination temperature
that is shown in Table 1.

TEM photographs of samples show the spherical particles
as present in Fig. 5. The particles’ size observed by TEM is in
agreement that is observed by XRD as present in Table 2.

UV-vis spectra of doping of cobalt at different calcination
temperatures show that three broad absorption bands at 544
(green region), 580 (yellow-orange region) and 630 (red region)
nm indicate tetrahedral co-ordination of cobalt [23] which gives
rise to the blue coloration as present in Fig. 6. The energy level
diagram gives d—d transitions of cobalt Co(II) (3d”) from Orgel
diagram shows the present of three transition *As(F)- - 4T, (F),
4A5(F)- - *T((F) and *Ay(F)- - -*T{(P). The wide and intense
absorption band between 500 and 700 nm could be attributed

Table 2
XRD crystallite and TEM particle size different doping types at 1100 °C using
3MP50 as a fuel

%Co Particle size (nm)

X-ray TEM
0.01 30.03 34.8
0.05 27.25 322
0.1 23.73 28.6
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Fig. 5. TEM of A=0.01, F=0.05 and M=0.1% Co system at 1100 °C temperature by using 3MP50 as a fuel.
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Fig. 6. UV-vis spectra of 0.05% doping of cobalt at different calcination tem-
peratures.

to third transition from 4A2(F)(e4tg) as ground state to the
excited 4T1(P)(e3t‘2‘) state. This triple band in visible region can
be attributed to Jahn—Teller distortion of tetrahedral structure
[24-26].

Diffuse reflectance spectroscopy (DRS) indicates the appear-
ance of band 500 cm™! at 700 °C that tends to pale blue color
of sample and this band shifts to the left as calcinated tempera-
tures increase until reaching 480 cm™! at 1000 °C for blue color
and 450 cm™! at 1100 °C shows the bluest color pigment [27] as
present in Fig. 7.The starting of color appearance from diffuse
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Fig. 7. Diffuse reflectance of F=0.05% Co system at different calcinations
temperature by using 3MP50 as a fuel.

reflectance data agrees with thermal analysis and X-ray diffrac-
tion data around 700 °C. Diffuse reflectance data are presented
in Table 3 and show that the values of a* are random while
L* values decrease and b* values increase in negative direction
as a result of increasing calcination temperatures. We believe
that doping is due to the presence of higher amount of defects
in structure. These defects lead to the distorted tetrahedral and
octahedral sites in spinel structure, changing the ligand-field
around the chromophore and hence changing the observed color
[8]. The values of b* are increasing in negative direction, the
higher the intensity of blue color. The decreasing L* parame-
ter tends to reduce the lightness of sample. At the same time,
with the increase in the amount of Cobalt percent, the value of
b* increases as present in Fig. 8, leading to the depth of blue
color as result of calcination temperatures. The lower value of
hue variation AFE tends to a good color matching [28]. Diffuse
reflectance data show the high value of b* at 1100 °C and lower
value of hue variation AE at 1200 °C for all doping cobalt per-
cents. This means that the appearance of good pigment powder
color occurs at 1100 °C and a good color matching at 1200 °C.

Table 3
Colorimetric data for A, F and M systems by using 3MP50 as a fuel
System Temperature L* a* b* AE
0.01 500 95.58 0.60 4.01 95.67
700 95.09 —0.84 —0.31 95.09
800 96.64 —1.49 -2.92 96.69
900 95.77 —1.30 —2.96 95.83
1000 95.50 —1.85 —4.42 95.62
1100 95.02 —-2.35 —6.17 95.18
1200 93.04 —1.86 —5.05 93.26
0.05 500 94.70 1.18 441 94.81
700 93.29 —3.08 0.70 93.34
800 95.19 —2.48 —1.22 95.23
900 93.65 —-2.71 —4.16 93.78
1000 92.69 —2.18 —6.34 92.93
1100 92.00 —2.56 —10.72 92.66
1200 91.77 —-1.72 —8.17 92.15
0.1 500 94.11 1.02 4.79 91.9
700 93.06 —2.79 —2.33 92.34
800 95.39 —2.41 —-3.32 94.94
900 95.24 —2.57 —-5.73 93.36
1000 94.87 —2.52 —8.07 92.4
1100 93.26 —4.01 —16.84 87.44
1200 92.29 —2.82 16.56 86.1
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Fig. 8. Color coordinates (b*) variation with calcinations temperature for
A=0.01, F=0.05 and M =0.1 systems.

4. Conclusions

Blue ceramic pigment Co,Mg;_,Al,Oy4 is produced as a solid
solution from two mixed phases CoAl,O4 and MgAl,Oy4 spinels.
This powder prepared by combustion synthesis method (CS)
using 3-methyl-pyrozole-5-one (3MP50) as a fuel at 400 °C in
open furnace. Powders are crystallized after calcination at dif-
ferent temperatures and characterized by different tools. The
particle size of powder was produced in range 24-35 nm that
indicates for the present of nano-size particles. Different degrees
of blue color were produced at different calcination tempera-
tures. The bluest color was produced at 1100 °C and a very good
matching at 1200 °C from colorimetric data.
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