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Oxalyldihydrazide as a fuel was used to prepare new nano size blue refractory ceramic pigments MgAl,O4:
xCo?* (0.00 <x <0.10) using low temperature combustion synthesis (LCS) method. The synthesized and
calcined powders were characterized by Fourier transform infra red (FTIR) spectrometry, electronic spec-
tra, thermogravimetry, differential thermogravimetry, differential thermal analysis, X-ray diffraction
(XRD) analysis, and transmission electron microscopy (TEM). Also, the color measurements of nano pig-
ments are studied by diffuse reflectance spectroscopy (DRS) using CIE-L*a*b* parameter method. The FTIR
spectra show frequency bands in range the 422-700 cm~! correspond to metal oxygen bonds through
vibrations for the spinel structure compound. The average particle size of prepared samples as deter-
mined from XRD and TEM was 30nm at 1100°C. Also, the results revealed the varying bulk density,

particle size, shape and color with different calcination times and temperatures.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Nano-pigments are inorganic or organic materials, insoluble,
chemically and physically inert into the substrate or binders with
particle size less than 100 nm [1,2]. The ceramic pigments with par-
ticle size in the nano scale have massive potential market, because
of their high surface area, which assures higher surface coverage,
higher number reflectance points and hence improved scatter-
ing. Ceramic pigments are basically a white or colored material,
having high thermal stability and chemical resistance in order to
be used at high temperature [3-5]. Recently the development of
a new ceramic pigment has fostered the research and applica-
tion of pigments stable over 1200 °C. Ceramic pigments based on
oxides, spinels, aluminates are prepared with blends of oxides as
starting mixtures with proper particle size distribution of pow-
ders, also employing additions of salt like halides and borates that
have mineralizing function [6,7]. Recently, attempts to synthesize
ceramic materials at low temperatures have been carried out by
several solution techniques such as sol-gel [8-11], co-precipitation
[12], hydrothermal [13,14], alkoxide hydrolysis [15-17], Penchini
method [18,19], and low combustion method [20-25]. White
MgAl,04 [26] and red Ceq_PryO,_g [27] pigment powders are pre-
pared by auto-ignition route (combustion method). Light or dark
beige, brown and black ceramic powders CoxZn;_,Sb,015 [28],
light reddish-yellow ceramic pigment MgFe,04 [29], brown pig-
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ment BaFe;04 and red ceramic pigments CaFe,04 [30,31] were
prepared using the polymeric precursor method. Co,SiO4 (olivine),
(C0,Zn),Si04 (willemite), CoAl, 04 (spinel), Co;Sn04, (Co,Zn)Al, 04,
Co(Al,Cr)304, (Co,Mg)Al,04 and (Co,Zn)TiO3 [32,33] are used as
blue pigments. But cobalt is scarce and expensive, thus increasing
the production costs of cobalt-based ceramic pigments. Moreover,
serious environmental problems may occur from the manufac-
turing process of Co-based ceramic pigments [34,35]. A new
application of the spinels as ceramic pigments has been explored,
owing to their high mechanical resistance, high thermal stability,
low temperature sinterability and the easy incorporation of chro-
mophore ions into the spinel lattice, allowing for different types of
doping, thus producing ceramic pigments with different colors [36].
Blue pigments are widely used in industry to bring color to plastics,
paints, fibers, papers, rubbers, glass, cement, glazes, ceramics, and
porcelain enamels [37]. The synthesis route is very important to
determine the final properties of nano inorganic pigments such as
coloring agent, particle size, resistance to acids and alkaline.

The present paper aims at synthesizing ceramic blue pigments
from the system CoxMg;_xAl,04 spinel nano ceramic pigments
using low temperature combustion method using oxalyldihy-
drazide fuel. The CoxMg;_xAl,04 system allows for a reduction in
the production costs and also for minimizing the environmental
damage, as the amount of cobalt is reduced.

2. Experimental
2.1. Materials and reagents

All the starting chemicals used in this study are of pure grade: alu-
minum chloride hexahydrate (Aldrich), magnesium chloride hexahydrate (Aldrich),
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cobalt(ll) chloride hexahydrate (Aldrich), sodium carbonate (Merck), ethyl
oxalate (Aldrich), nitric acid, 65% (Merck) and hydrazine hydrate, 99.9%
(Merck).

2.2. Synthesis of oxalyldihydrazide (ODH) as a fuel

The oxalyldihydrazide (ODH) has the large reducing power and produces the
large volume of gas (7 mol mol~! of ODH). Oxalyldihydrazide (ODH) used as a fuel
was prepared by the drop wise addition of one mole ethyl oxalate to two mole
of hydrazine hydrate (99.9%) was cooled in an ice bath according to the following
equation [38].

O.__NH-NH,

0. _OCH,CH, H,NNH,.H,0
+ —
07 —OCH,CHj H,NNH,.H,0 o” —~NH-NH,

2.3. Synthesis of CoxMg;_xAl,04 nano ceramic pigments

Nano ceramic pigments CoxMg;_xAl,04 (0.00 <x <0.10) were prepared using
metal salts and then dissolved in distilled water, precipitated with sodium car-
bonate, good washing and drying. The above mixture was dissolved in nitric
acid, heated to become clear solution, cooled to room temperature, and then
oxalyldihydrazide was added as a complexion agent. The resulting solution was
heated to 80°C for 3h with vigorous stirring until clear gel solution appeared,
transferred into furnace that was preheated to 500°C. The precipitate ini-
tially started to swell and filled the beaker, producing a foamy precursor, this
foam consisted of very light and homogeneous flakes of very small particle
size.

2.4. Instruments

Thermogravimetric analysis (TGA; DTA Instruments, SDT2960) of the precur-
sor samples was studied using Shimadzu DT-50 thermal analyzer. Samples were
carried out in static atmosphere of air against a-Al,03 as a reference at a constant
heating rate of 10°©Cmin~!. The experiments were carried out in the temperature
range between room temperature and 1000 ©C. Infrared spectra of the samples were
recorded in the range of 200-4000cm~" using Jasco FT/IR-460 plus. The method
includes mixing few milligrams of calcined powder of the sample with potassium
bromide (KBr) powder in agate mortar. The mixture was then pressed by means of
hydraulic press. The absorbance was automatically recorded against wavenumber
(cm~'). The functional groups of calcined powder were characterized by Infrared
spectra. X-ray diffraction analysis was performed on SIEMENS D5000. The pat-
terns were run with Cu-filtered Cu K, radiation (1.79A) energized at 45kV and
10 mA. The samples were measured at room temperature in the range 26 =(20-80°).
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Fig. 1. Thermal analysis (TG-DTG/DTA) of 0.05 mole of Co?*.

Phase formation and particle size of product were identified using X-ray diffrac-
tion analysis data. The morphology and particle shape for the calcined powder
were performed using TEM, model EM 10 Zeiss, at 60kV by dispersed sample in
water on a copper grid. The diffuse reflectance of fired pigments was measured in
JASCO spectrophotometer UV-visible in 200-800 nm range using standard D65 illu-
mination and barium sulfate as reference and the CIE-L*a*b* colorimetric method,
recommended by the Commission Internationale de I'Eclairage (CIE) [39]. Electronic
spectra measurements were carried out using JASCO V530 UV/vis spectrophotome-
ter in the range of 200-800 nm for both calcinated samples using 10 nm-matched
quartz cells. The mixtures of prepared sample were calcinated in alumina cru-
cibles.

CGHsOH 4+ H,0

3. Results and discussion
3.1. Thermal analysis

Thermal analysis for 0.05 mole of Co2* using oxalyldihydrazide
as fuel showed that the weight losing of system after ignition using
this fuel changed in three steps as shown in Fig. 1. The losing weight
of 13% (calc. 13.5%) in the first range 50-200°C and the second
range 200-450°C occurred due to elimination of the humidity and
co-ordination water in sample. The losing weight of 10% (calc. 11%)
in the range 450-650 °C occurred due to the evolution of CO, CO,
and NOy gases from sample. DTG shows three peaks at 100, 300 and
500°C, respectively. The differential thermal analysis (DTA) shows
two endothermic steps and only one exothermic step. The first

Mgal0,

[Gag 1 MEp gl 04

T.%

' I . 1 I
1000 900 800 700
Wavenumber, cm-!

T T
600 500 400

Fig. 2. Infrared spectra for 0.01, 0.05 and 0.10 mole of Co?* systems, CoAl,0,4 and
MgAl, 04 using oxalyldihydrazide as fuel at 1200°C.
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Table 1
Assignment of the important bands in the FTIR spectra for 0.01, 0.05 and 0.10 mole of Co?* systems at different calcination temperatures using oxalyldihydrazide as fuel.
Temp. (°C) Bands assignment
V_oH V_cH Vc=0 Vc-o Ve-N VN=0 Vm-0

0.01 mole of Co?*

500 3490 2920 1650 1100 1400 800 600

700 3460 - 1650 1150 1450 800 695, 500, 425

900 3450 - - - 1450 - 700, 610, 515
1100 3400 - - - - - 698,610,510, 410
1200 3400 - - - - - 698, 521, 428
0.05 mole of Co?*

500 3490 2950 1650 1100 1400 800 -

700 3490 - 1650 1110 1390 - 700, 500

900 3400 - 1650 1110 - - 700, 515, 422
1100 3410 - - - - - 691, 520, 422
1200 3420 - - - - - 685,522,422
0.10 mole of Co?*

500 3490 2850 1680 1110 1390 800 500, 700

700 3450 - 1620 1110 - - 700, 530

900 3450 - 1650 1110 1400 - 697, 530, 420
1100 3490 - - - - - 690, 425, 530
1200 3500 - - - - - 690, 610, 530, 425
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Fig. 3. X-ray diffraction patterns for 0.001 mole (A), 0.05 mole (F) and 0.10 mole (M) of Co?* systems at different calcination temperatures using oxalyldihydrazide as fuel.
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endothermic step occurred for elimination of the water in sample.
The second endothermic peak shows phase formation. The exother-
mic peak was due to elimination of the residual organic material
in sample. We can explain the calcination steps as the following
equations using oxalyl-dihydrazide (ODH).

0.05C0C03 - 0.95MgO - Al,03 - 1.5H,0
50-200°C0.05CoCO; - 0.95MgO - Al,05 + 1.5H,0
e

0.05CoCO;3 - 0.95MgO - Al, 03
200-450°CCog.05Mgg 95A1,04 + 0.05CO,

_—

3.2. FTIR spectra

FTIR spectra of 0.01, 0.05 and 0.10 mole Co?* for A, F and M
systems, respectively using oxalyldihydrazide as fuel are studied
after ignition and calcinations at different temperatures. The broad
absorption bands around 3490 cm~! for A, Fand M systems, respec-
tively correspond to the stretching vibration of surface and free
(-OH) group of water molecules [40]. The absorption bands at
2920 cm~! for A and F systems, 2950 cm~! for M system are related
to the stretching vibration of C-H aliphatic in organic molecules.
The absorption bands at 1650 and 1100cm~! are related to the
stretching vibration of C=0 and C-0 groups of residual organic fuel
[41]. The absorption bands at 1658, 1383 and 825cm™!, respec-
tively correspond to undecomposed [42] nitrate ions.

Fig. 2 shows the absorption bands in the region 400-1000 cm~!
due to the formation of spinel structure after calcinations at dif-
ferent temperatures in the range 500-1200 °C. These bands in the
region 800-4000cm~! disappeared at 1100°C except, the strong
absorption bands at 3480cm~! for A, F and M systems, respec-
tively, correspond to the stretching vibration of adsorption water
molecules [43]. The two absorption bands at 700 and 535 cm~! for
A system and the vibrational bands at 690, 530 and 520 cm~! for
F and M systems, respectively are corresponding to AlOg groups
building up the spinel as a result of vibration of AI** ions in octa-
hedral positions [44,45] comparing with the bands at 700, 530 and
420cm~! which related to MgAl,0, spinel. The other vibrational
bands at 700, 535 and 420 cm~! for A system, at 690, 530, 520 and
422 cm~! for Fsystem and 690, 530,520 and 418 cm~! for M system
are corresponding to CoO4/MgO4 groups for the cobalt and magne-
sium aluminate spinel as a result of vibration of its ions (Co?* and
Mg?2*) in the tetrahedral sites comparing with that in the range
700 and 530 cm™! for CoAl,0y4 spinel as blank [46,47]. The assign-
ment of an important band in the IR spectra for 0.01, 0.05 and 0.10
mole of Co%* systems at different calcination temperatures using
oxalyldihydrazide as fuel are listed in Table 1.

3.3. X-ray diffraction and particle size measurement

The X-ray diffraction for cobalt ion as doping for MgAl,04
system using oxalyldihydrazide as fuel is investigated as powders
at different calcination temperatures. Fig. 3 shows the X-ray
band intensities against (26) for A, F and M systems. From X-ray
patterns, it is clear that the intensity of the bands is increasing
with calcined temperatures. The calcinated powders begin to exist
the spinel crystalline and the disappearance of Al,03 at 1000°C.
With the increase of the temperature above 1000 °C, intensities of
the peaks increase gradually until sharpen peaks are observed at
1200°C [48,49]. The average crystallite sizes calculated from the
X-ray diffraction peaks using Scherrer’s equation. The crystalline
spinel phase content and the particle size increase with increasing
calcination temperature shown in Fig. 4. The particle sizes of
different doping Co?* systems from XRD are shown in Table 2.
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Fig.4. The correlation between particle size from X-ray diffraction for 0.01,0.05 and
0.1 mole of Co?* systems and different calcination temperatures using oxalyldihy-
drazide as fuel.

Table 2
The particle size from X-ray diffraction at different calcination temperatures.

System Calcination temperatures (°C)

700 800 900 1000 1100 1200
0.01 Am? 4.7 15.90 24.14 31.20 37.69
0.05 Am 3.1 17.29 21.36 28.30 31.175
0.10 Am 9.68 15.50 18.82 27.02 35.57

2 Amorphous.

Particle sizes of different doping Co?* systems calculated from
X-ray compared with transmission electron microscopy data are
shown in Table 3. The bulk densities of samples under investiga-
tion calculated from X-ray and compared with the experimental
obtained from Archimedes’ law are shown in Table 4.

The microstructure of nano ceramic pigments at different cal-
cination temperatures is performed using transmission electron
microscopy. Fig. 5 shows the photographs for the compounds under
investigation which exhibit the spherical particles for 0.01, 0.05
and 0.1 mole of Co?* systems. The particle sizes observed by TEM
are in agreement with that observed by XRD. Also, the morphol-
ogy and particle sizes are decreased as the amount of doping Co2*
ion increases. From all these data, the morphology of CoAl,04 and
MgAl, 04 spinel for different systems has the spherical shapes.

3.4. The color characterization of nano ceramic pigments

Diffuse reflectance spectra for A, F and M systems using oxa-
lyldihydrazide as fuel present in Fig. 6. The appearance of bands

Table 3
XRD and TEM particle sizes for different cobalt systems at 1100°C.

System Particle size (nm)

XRD TEM
0.01 31.20 32.00
0.05 28.30 30.00
0.10 27.02 28.00
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Table 4
Lattice parameters and bulk density of different cobalt systems using oxalyldihydrazide as fuel.
System Parameters Calcination temperature (°C)
800 900 1000 1100 1200
0.01 a 8.075 8.085 8.0887 8.1066 8.1231
a? 526.54 528.49 529.22 532.27 536
diheo (gml") 3.590 3.5798 3.572 3.552 3.548
dexp (gml~1) 3.570 3.560 3.550 3.530 3.510
0.05 a 8.070 8.075 8.0806 8.085 8.0948
a? 525.45 526.54 527.65 528.49 530.42
diheo (gml~") 3.703 3.624 3.618 3.611 3.598
dexp (gmlI~1) 3.700 3.600 3.570 3.550 3.535
0.10 a 8.070 8.075 8.0806 8.085 8.0887
a? 525.45 526.54 527.65 528.49 529.22
diheo (gml1) 3.674 3.6678 3.660 3.654 3.650
dexp (gml1) 3.650 3.633 3.610 3.600 3.950

in range 495 and 450 nm for A system, 450 nm for F system and and 490 nm for A system, 435 and 495 nm for F system 430 and
440 nm for M system for oxalyldihydrazide at 700 °C those results 390 nm for M system at 900°C. These bands shift to blue side at
reveal that the pale blue color of samples. These bands shift to blue 480, 460 and 425 nm for A and M systems and 480, 425 nm for F
side as calcinated temperatures increase until reaching around 435 system at 1200 °C which show the bluest [50,51] color pigments.

Fig. 5. Transmission electron microscopy (TEM) images for A=0.01, F=0.05 and M =0.10 mole of Co?* systems at 1100 °C by using oxalyldihydrazide as fuel.



LS. Ahmed et al. / Materials Chemistry and Physics 125 (2011) 326-333

331

Wavelength, nm

F MgALO,
120
R
b
1100
lg ?
B
s 45 F wal o
Q -
s 8 o] S
s
I g
= 5
< K
| 8 g s %
} | o
.o
M
&0
500 -
_4—-——..._._._--_._,_-—'—-'_"-_'_._‘.
A0 A0 500 550 60 6m 700 750 80 400 450 500 550 600 650 700 750 800

Wavelength, nm

Reflectance, %

MgaLQ,

1200

400 450 500 550 600 650 700 750 800

Wavelength, nm

Fig. 6. Diffuse reflectance spectra of A system (0.01 mole of Co?*), F system (0.05 mole of Co?*) and M system (0.10 mole of Co?*) at different calcination temperatures using

oxalyldihydrazide as fuel.

According to the colorimetric data present in Table 5 the L* val-
ues decrease while b* values increases in negative direction as a
result of increasing calcination temperatures. The increase in neg-
ative values of b* means the higher intensity of blue color. The
decrease in L* parameter tends to reduce the lightness of sample.
The values of a* are random for oxalyldihydrazide. Fig. 7 shows
the correlation between calcination temperatures with b* values
depending on the amount of cobalt present, the value of b* increases
leading to the depth of blue color. The lower value of hue vari-
ation AE tends to a good color matching [52]. Colorimetric data
using oxalyldihydrazide show the high negative value of b* and
lower value of hue variation AE at 1200°C for 0.01 and 0.05 mole
doping cobalt. This means that the appearance of good pigment
powder color and a good color matching occur at 1200°C for A
and F systems. On the other hand, the high value of b* for M sys-
tem presents at 1100°C and lower value of hue variation AE at
1200°C. This means that the appearance of good pigment powder

color at 1100°C and a good color matching occur at 1200 °C for M
doping cobalt as shown in Table 5. The diffuse reflectance spectra
data show the bluest color pigment as given in Table 5. At the same
time, the increase of the amount of cobalt ion reveals the increase
of defect in crystal structure of spinel. These defects occurring in
spinel structure lead to the distorted tetrahedral and octahedral
sites, which in return change oxygen as the ligand around cobalt(II)
ion as the chromophore and hence change of intensity color is
observed [53].

3.5. Electronic spectra

The electronic spectra for cobalt systems using oxalyldihy-
drazide as fuel are explained. The electronic spectra of A, F and
M systems of cobalt(Il) ion using oxalyldihydrazide as fuel show
the presence of broad band at 600 nm for M system and no bands
for A and F systems. The absorption of these bands increases
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Table 5

Colorimetric data for 0.01, 0.05 and 0.1 mole of Co?* systems at different calcination
temperatures using oxalyl-dihydrazide as fuel.
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System Temperature (°C) L* a* b* AE
0.01 500 99.74 -0.02 -0.10 99.74
700 97.9 -0.19 -2.20 97.93
800 95.25 -0.75 -3.14 95.31
900 94.20 -1.60 -6.43 94.43
1000 92.51 -0.81 -6.61 92.75
1100 91.32 -1.68 —6.98 91.60
1200 90.60 -1.36 -8.04 90.97
0.05 500 98.77 -0.13 3.81 98.84
700 97.3 -1.16 —3.52 97.37
800 96.53 -0.71 —4.65 96.65
900 96.07 -1.69 —5.38 96.24
1000 94.41 -1.79 -7.38 94.72
1100 92.76 -1.15 -9.12 93.21
1200 91.41 -1.31 -10.5 92.02
0.10 500 97.37 -0.07 0.02 97.37
700 95.43 —-0.80 -4.20 95.53
800 93.29 -1.78 -7.05 93.57
900 92.28 -1.24 -9.17 92.74
1000 90.97 -2.35 -11.79 91.76
1100 89.19 —1.66 -13.43 90.21
1200 84.77 -2.32 -12.34 85.70

with calcination temperature from 700 to 1200°C. These bands
appear as three broad absorption bands at 543 nm (green region),
588 nm (yellow-orange region) and 630 nm (red region) for A sys-
tem, 543 nm, 588 nm and 625 nm for F system and 543 nm, 588 nm
and 625 nm for M system at 1200 °C using oxalyldihydrazide. Three
intense bands are present at 15,385, 17,000 and 19,000cm~!,
which correspond to the electronic transition of cobalt(Il) ion
in tetrahedral coordination sites. The tetrahedral coordination of
cobalt(Il) ion which gives rise to the blue color as present in
Fig. 8. This absorption could be assigned to the 4A,(F)— 4T;(P),
4A,(F)— 4T1(F) and “A;(F) — 4T,(F). This triple bands in visible
region can be attributed to Jahn-Teller distortion of octahedral
structure [54,55].

-b*

Fig. 7. Colorimetric data for 0.01, 0.05 and 0.1 mole of Co?* systems at different
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Fig. 8. Electronic spectrum for 0.01 mole of Co?* systems in nujol mull at 1000°C
calcination temperature using oxalyldihydrazide as fuel.

4. Conclusions

MgAl,04: xCo2* nano-powders (0.00 < x < 0.10) as blue ceramic
pigments were prepared by the low temperature combustion
synthesis (LCS) method. The characterization of nano refrac-
tory pigments was studied by FTIR spectroscopy, electronic
spectroscopy, diffuse reflectance spectroscopy (DRS), different
techniques of thermal analysis (TG-DTG/DTA), X-ray diffraction
(XRD) and Transmission electron microscopy (TEM). The calcina-
tion temperatures in the range 500-1200°C give nano-particles
with particle sizes in the range of 3.1-37.69 nm using oxalyldihy-
drazide as fuel. The particle sizes increased as sintering of samples
at different calcination temperatures and TEM shows spherical
shape with nano-scale at different calcination temperatures. FTIR
and X-ray show the formation of spinel structure of CoxMg{_xAl;Og4.
The blue color intensity increased as the amount of cobalt increased
calcination temperature and time. Electronic spectra give broad
absorption band with triple shoulders as a result of Jahn-Teller
distortion of octahedral structure.
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