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a b s t r a c t

New nano-blue ceramic pigments of CoxMg1−xAl2O4 (0 ≤ x ≤ 0.1) have been prepared by co-
precipitate–combustion as a hybrid method using urea as a fuel at 500 ◦C in open furnace in air
atmosphere. The structure of pigment is assigned based on TGA/DTA/DrTGA analyses, X-ray diffraction
(XRD) and transmission electron microscopy (TEM). Also, electronic spectra, infrared (IR) and diffuse
eywords:
eramic pigments
iffuse reflectance spectroscopy (DRS)
hermogravimetric analysis (TGA)
-ray diffraction (XRD)

reflectance spectroscopy (DRS) using CIE L*a*b* parameter measurement techniques were used. The
results revealed that the nano-particle size of pigments were obtained in the range 30–38 nm as well as
the varying colors and particle size as a result of different calcinations temperatures within the range of
500–1200 ◦C for 2 h.

© 2009 Elsevier B.V. All rights reserved.
article size
ransmission electron microscopy (TEM)

. Introduction

The ceramic pigments based on traditionally doping of transi-
ion metal ions to matrix are the main subject for the preparation
f pigments [1–7]. The doping cations associated with defects in
rystal structure lead to the modification of physical properties
f solid solution as a color [8–13]. The traditional source of blue
olor in ceramic pigment depended on cobalt ion [14]. Inorganic
atural and synthetic pigments produced and marketed as fine
owders are an integral part of many decorative and coatings and
re used for the mass coloration of many materials, including glazes
eramic bodies and porcelain enamels [15,16]. The powders used
or coloring ceramics must show thermal and chemical stability
t high temperature and must be inert to the action of molten
lass (frits or sintering aids) and also, the color of cobalt pigment
epends on the coordination of Co2+ ions (tetrahedral coordination

s preferred to octahedral) [17–19]. Ceramic pigments can be syn-
hesized at low temperature by several solution techniques such as
ol–gel [20], emulsion precipitation [21], hydrothermal [22], alkox-
des hydrolysis [23], Penchini and co-precipitation method [24,25],
ow combustion method [26–29]. The advantages of the two latter
ethods synthesized crystalline powder with nanosize and high
urity at low temperature. The synthesis routes are very impor-
ant for determining the final properties of inorganic pigment as
olor, particle size, chemical and thermal stability. In this inves-

∗ Corresponding author. Tel.: +20 (02) 0122408034/0133240199.
E-mail address: isahmed61@gmail.com (I.S. Ahmed).

386-1425/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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tigation, the producing nano-crystalline of CoxMg1−xAl2O4 spinel
pigment using urea as a fuel and characterization by using different
techniques.

2. Experimental

2.1. Materials and reagents

In particular, the starting chemicals used in this study were
aluminum chloride hexahydrate (AlCl3·6H2O), magnesium chlo-
ride hexahydrate (MgCl2·6H2O), cobalt chloride hexahydrate
(CoCl2·6H2O) (Aldrich), sodium carbonate (Na2CO3) (Alfa), nitric
acid 65% (Merck) and urea (CO (NH2)2) (Merck).

2.2. Synthesis of CoxMg1−xAl2O4 ceramic pigment

The CoxMg1−xAl2O4 pigments (0 ≤ x ≤ 0.1) were prepared by
using metal salts of AlCl3·6H2O, MgCl2·6H2O and CoCl2·6H2O,
and then dissolved in bid-stilled water, precipitated with sodium
carbonate, good washing and drying. The above mixture was dis-
solved in nitric acid, heated to become clear solution, cooled to
room temperature, and then urea was added as a complexion
agent. The resulting solution was heated to ca. 80 ◦C for about
4 h until clear gel solution appears, transferred into furnace that

was preheated to 500 ◦C. The precipitate initially started to swell
and filled the beaker, producing a foamy precursor, this foam
consists of very light and homogeneous flakes of very small par-
ticle size. The combustion reaction was completed within a few
minutes and the ash voluminous and fluffy in nature of colored

http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
mailto:isahmed61@gmail.com
dx.doi.org/10.1016/j.saa.2009.07.024
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3.2. Thermal analysis

The thermal analysis was performed of urea system. From
TG-curves (Fig. 2), the weight losses were calculated for the dif-
Fig. 1. The flow chart of preparation pigment powder and analysis methods.

owder was obtained. The flow chart of the process is shown in
ig. 1.

.3. Instruments

Thermogravimetric analysis (TGA; TA Instruments, SDT2960) of
he precursor was carried out at a heating rate of 10 ◦C/min in static
ir and in nitrogen atmosphere. Phase formation of product was
dentified by using X-ray diffraction (XRD; SIEMENS D5000) with
u K� radiation. Transmission electron microscopy (TEM, modal
M 10 Zeiss, at 60 kV) was used to study the morphology of the
ynthesized powders by dispersing in water on a copper grid. The
unctional groups characterized by infrared (IR) spectroscopy in
00–4000 cm−1 range for the calcinations powders at different
emperature by using Jasco FT/IR-460 plus by employing potassium

romide KBr, pellet technique. The electronic spectra of ceramic
igments were measured by applying Nujol mull technique using

ascow 530 spectrophotometer with 10 mm matched Quartz cell.
he diffuse reflectance of fired pigments was measured in Jasco
pectrophotometer UV–vis in 300–800 nm range using standard
ta Part A 74 (2009) 665–672

D65 illumination and barium sulfate as reference. The CIE-L*a*b*
colorimetric method, recommended by the Commission Interna-
tionale de l’Eclairage (CIE) [30] 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 �E is the hue variation
�E2 = (L*)2 + (a*)2 + (b*)2.

3. Results and discussion

3.1. The effect of fuel

A good fuel used in a combustion process should react non-
violently, produce non-toxic gases, and act as a complex agent
for metal cations [31]. The complexes were precipitated with
increasing the ionic product of metal cations, thereby preventing
preferential crystallization as the water in the precursor solu-
tion evaporates and the solution becomes gelatinous. For different
metal cations, organic fuel with different ligand groups, i.e. carbonyl
group and/or amine group (urea) may exhibit different complex
power compared with 3-methyl-pyrozole-5-one (3MP5O) [32],
which is one of the important factors that affect the phase forma-
tion and morphology of the final product. In addition, the chemical
energy released from the exothermic reaction between various
metal nitrates and fuel 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.
Fig. 2. Thermal analysis for 0.05 mol of Co2+ using urea as fuel.
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Fig. 3. Infrared spectra for 0.01 mol (a), 0.05 mol (b) and 0.10 mo

erent steps. The first and second weight losses are 8.5, 11.7 and
5.6% and 10, 18 and 25.4% at temperature up to 250 ◦C and are
ttributed to the loss of hydrated and coordinated water molecules
ith endothermic peaks for urea systems, respectively. Whereas,

he third and fourth weight loss are 18, 20.1 and 22% and 20,
2.5 and 23.58% within the 250–550 ◦C temperature range which
re assignable to the evolution of NOx, CO, and CO2 gases with
xothermic peaks. The CoxMg1−xAl2O4 blue pigments were pre-

ared by the thermal decomposition of the urea complexes and
olution combustion of redox mixture. The fuel rich redox com-
ounds ignite ≈400 ◦C and combust in air autocatalytically to
ield voluminous, fine particles and large surface area blue pig-
ents.
f Co2+ using urea as a fuel at different calcinations temperatures.

3.3. Infrared spectra

Infrared spectra for 0.01, 0.05 and 0.1 mol of Co2+ by using urea
as a fuel are shown in Fig. 3. The result revealed that the broad band
observed at 3450 cm−1 related to the stretching vibration of free
(–OH) group of water molecule. The bands at 1778 and 1100 cm−1

are attributed to the stretching vibration of carbonyl, �(C O), �(C–O)
groups of residual organic fuel and the absorption bands at 1658,

1383 and 825 cm−1 correspond to undecomposed nitrate ions.
Weak bands observed in the region 400–700 cm−1 for formation
trace amounts of metal oxide. After calcinations at different tem-
peratures from 500 to 1200 ◦C, the observed bands in the region
800–4000 cm−1 are decreased gradually until completely disap-
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with increasing calcinations temperatures. Fig. 5 shows the relation
between the particle size calculated for 0.01, 0.05 and 0.10 mol of
cobalt ion at different calcinations temperatures using urea as a
fuel. From XRD at different calcinations temperatures it is revealed

Table 1
The particle size for 0.01 mol (a), 0.05 mol (b) and 0.1 mol (c) of Co2+ at different
calcination temperatures using urea as a fuel.

System (mole
of Co2+)

Temperature, ◦C
Fig. 4. X-ray diffraction for 0.01 mol (a), 0.05 mol (b) and 0.10 mo

eared at 1100 ◦C except, the strong vibration band at 3450 cm−1

elated to the stretching vibration of constitutional –OH group [33].
he appearance of strong bands lower than 800 cm−1 corresponds
o metal oxide. The two bands at 688 and 531 cm−1 corresponding
o AlO6 groups are building up the magnesium spinel and two other
ands at 520 and 450 cm−1 corresponding to AlO4 groups [34].

.4. The X-ray diffraction and particle size measurements

The powder X-ray patterns of CoxMg1−xAl2O4 pigments show
haracteristic XRD reflections of spinel solid solution of CoAl2O4
nd MgAl2O4. Fig. 4 shows that the results for X-ray powders cal-

ined at different firing temperatures in range 500–800 ◦C observed
n amorphous state and small crystallites that indicated in broaden-
ng lines. While, at 900 ◦C the calcinated powders begin to appear
f the spinel crystalline form isomorphism phase. With increas-
ng temperature above 900 ◦C, the intensities of peaks increase
f Co2+ at different calcinations temperatures using urea as a fuel.

gradually until sharpen peaks are observed 1200 ◦C. Table 1 shows
the crystalline spinel phase content and the particle size increase
500 700 800 900 1000 1100 1200

0.01 Am 3.38 4.54 18.7 21.1 34.89 46.33
0.05 Am 3 3.62 16.19 17.76 34.42 45.1
0.10 Am 4.22 8.58 15.78 19.72 32.21 43.58

Am: amorphous.
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ig. 5. The relation between particle size for 0.01 mol (a), 0.05 mol (b) and 0.1 mol
c) of Co2+ at different calcination temperatures using urea as a fuel.

hat the calcinations temperatures effects on the particle size with
ncrease of sintering temperature. The increasing of cobalt affected
ecrease of particle size of pigments, in range 46.33–43.58 nm at
200 ◦C. The TEM photographs of samples show the sheet shape
or 0.01 mol of cobalt and spherical particles for 0.05 and 0.1 mol of
obalt ion as doping as shown in Fig. 6. The particle size observed by
RD is in good agreement with that obtained from TEM as present

n Table 2.

.5. The diffuse reflectance spectroscopy (DRS) and electronic

pectra

Diffuse reflectance spectroscopy (DRS) indicates the appearance
f band around 510 nm at 700 ◦C that tends to pale blue color of

able 2
RD crystallite and TEM particle size different doping types at 1100 ◦C using urea
s a fuel.

System (mole of Co2+) Particle size, nm

X-ray TEM

0.01 34.89 35
0.05 33.9 34
0.10 32.21 33.3

able 3
olorimetric data for different doping of 0.01, 0.05 and 0.1 mol of Co2+ at different
alcinations temperatures using urea as fuel.

System (mole of Co2+) Temperature, ◦C L* a* b* �E

0.01

500 93.58 −1.55 0.90 94.10
700 97.09 −0.96 −0.53 97.10
800 96.64 −1.40 −1.09 96.60
900 95.77 −1.01 −1.48 95.80

1000 94.50 −0.91 −2.33 94.50
1100 94.00 −0.67 −2.89 94.10
1200 93.04 −0.85 −3.96 93.00

0.05

500 92.70 −1.05 0.08 92.71
700 95.19 −1.70 −1.07 95.21
800 95.00 −0.54 −2.38 95.03
900 94.69 −0.76 −3.19 94.75

1000 93.65 −0.58 −3.84 93.73
1100 92.29 −0.76 −4.06 92.38
1200 91.77 −0.72 −5.62 92.00

0.10

500 91.11 −1.61 0.73 91.13
700 93.06 −1.38 −2.06 93.01
800 92.39 −1.26 −3.71 92.47
900 92.24 −0.96 −4.29 92.34

1000 91.87 −1.11 −5.38 92.00
1100 91.26 −1.00 −6.42 91.50
1200 90.29 −0.74 −8.12 90.64
Fig. 6. TEM for 0.01 mol (a), 0.05 mol (b) and 0.10 mol (c) of Co2+ at 1100 ◦C using
urea as fuel.

sample and this band shift to lower wavelength as calcinations tem-
peratures increase until reaching around 500 nm at 1000 ◦C for blue
color and 490 nm at 1200 ◦C [35–36]. Also, the results revealed that
the values of a* are random while L* values decreases and b* values
increases in negative direction as a result of increasing calcinations
temperatures, which is shown in Table 3 and Fig. 7. The defects in
crystal structure lead to the distorted tetrahedral and octahedral

sites in spinel structure, changing the ligand-field around the chro-
mophore and hence changing the observed color [37]. The increase
in negative values of b*, the higher intensity of blue color, and the
decrease in L* parameter tend to reduce the lightness of sample. In
the same time, the increasing of amount cobalt percent, the value
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Fig. 7. Diffuse reflectance spectra for 0.01 mol (a), 0.05 mol (b) and 0.1 mol

Fig. 8. Colorimetric data for 0.01 mol (a), 0.05 mol (b) and 0.1 mol (c) of Co2+ at
different calcination temperatures using urea as a fuel.
(c) of Co2+ at different calcination temperatures using urea as a fuel.

of b* increases as present in Fig. 8, leading to the depth of blue color
as result of calcinations temperatures. The lower value of hue varia-
tion �E tends to a good color matching [38]. Colorimetric data show
the high value of b* and lower value of hue variation �E at 1200 ◦C
for all doping cobalt percents. This means that the appearance of
good pigment powder color and a good color matching occurred at
1200 ◦C. The color of different doping is shown in Fig. 9.

The electronic spectra of 0.01, 0.05 and 0.1 mol of cobalt ion
as doping at different calcinations temperatures show that three
broad absorption bands at 544 (green region), 580 (yellow–orange

region) and 630 (red region) nm this indicates the tetrahedral coor-
dination of cobalt [39]. Fig. 10 shows that the electronic spectra of
0.01 mol of cobalt ion at different calcinations temperatures using
urea as fuel. The energy level diagram gives d–d transitions of cobalt

Fig. 9. Color for 0.01 mol (a), 0.05 mol (b) and 0.1 mol (c) of Co2+ at 1200 ◦C using
urea as a fuel.
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Fig. 10. The electronic spectra for 0.01 mol (a), 0.05 mol (b) and 0.1

3d7) from Orgel diagram, which shows the presence of three tran-
ition 4A2(F) → 4T2(F), 4A2(F) → 4T1(F) and 4A2(F) → 4T1(P). The
ide and intense absorption band between 500 and 700 nm could

e attributed to third transition from 4A2(F) (e4t3
2) as ground state

o the excited 4T1(P) (e3t4
2) state. This triple band in visible region

an be attributed to John-Teller distortion of tetrahedral structure
ccording to Bamford [40], or to an interaction between L and S
uantic numbers according to Bates [41].

. Conclusion

The preparation of fine particle CoxMg1−xAl2O4 as a coloring
gent of blue ceramic pigments by the thermal decomposition of
recursors gives nanosize oxides with particle sizes in the range
f 3–18.7 nm using urea fuel at calcinations temperatures in range
00–900 ◦C. Whereas the increasing temperature yield pigments

ith particle size in the range 18.7–48 nm. The solid solution from

wo mixed phases CoAl2O4 and MgAl2O4 spinel were obtained with
o phase separation and observed on sintering the solid solutions
ith higher Co2+ substitution in MgAl2O4 indicating the novelty of

he combustion process. The powders were calcinated at different

[
[

[

(c) of Co2+ at different calcination temperatures using urea as fuel.

temperatures and characterized by different tools as thermal analy-
ses (TG/DTG/DTA), X-ray diffractions, UV–vis spectroscopy, diffuse
reflectance spectra (CIE L*a*b* parameters) measurements, infrared
spectroscopy (IR) and transmission electron microscopy (TEM).
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