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bstract
n this work the screening results of the scientific activity conducted on the possibility to use rice husk ash as silica precursor for ceramic pigments
re reported. Ceramic pigments were synthesized by solid-state reactions and the color developed in a suitable ceramic glaze was investigated in
omparison with the color developed by the pigments prepared from pure SiO2.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Inorganic natural and synthetic pigments produced and mar-
eted as fine powders are an integral part of many decorative
nd protective coatings and are used for the mass coloration of
any materials, including glazes, ceramic bodies and porcelain

namels. In all these applications, pigments are dispersed (they
o not dissolve) in the media, forming a heterogeneous mixture.
herefore, powders used for coloring ceramics must show ther-
al and chemical stability at high temperature and must be inert

o the action of molten glass (frits or sintering aids).
These requirements limit ceramic pigments to a very small

umber of refractory systems which are fully reacted and rela-
ively inert to the matrix in which they are dispersed.1 For these
easons zircon (ZrSiO4) based pigments are market leaders in
he high temperature color range because of the high tincto-
ial strength and superior chemical stability during firing of this
atrix.2 Examples include the solid solutions turquoise blue
nd praseodymium yellow pigments,3 in which dopant ions are,
espectively, vanadium and praseodymium, and the inclusion
oral pink pigment (hematite included in zircon crystals).4

∗ Corresponding author. Tel.: +39 059 2056242; fax: +39 059 2056243.
E-mail address: bondioli.federica@unimore.it (F. Bondioli).
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Considerable efforts are being taken worldwide to minimize
he cost of the pigments that are very incident on the total price
f a low added value product as the ceramic tile. Different tech-
ological innovations, such as the rotative furnace, or different
aw materials have been used. Furthermore, in this field wastes
hould be looked as resources that are already extracted and
herefore usable.5,6 Moreover, the recycling of material can be
een as a prevention of waste produced in the context of extract-
ng raw materials.

The present study involves the synthesis of (Pr,Zr)SiO4 yel-
ow pigment7–14 to evaluate the possibility to use rice husk ash
RHA), an agricultural waste, as silica precursor. This pigment,
n fact, is normally produced by calcining a mixture of mono-
linic zirconia (ZrO2) and silica (SiO2) in the stoichiometry of
ircon, together with the coloring ion precursor (Pr6O11) and
ne or more mineralizers, i.e. NaF, NaCl or MgCl2.

RHA is obtained by burning the rice husk, and in particular
n plants where rice milling is performed with cogeneration or
imilar facilities or in plants for the production of parboiled rice.
n general, the RHA so obtained is dumped as a waste. Globally,
pproximately 600 million tonnes of rice paddy is produced each

ear. Assuming a husk to paddy ratio of 20%,15 and a ash to husk
atio of 18%,16 the total global ash production could be as high
s 21,000,000 tonnes per year. RHA is a general term describing
ll types of ash produced from burning rice husks. In practice,
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Fig. 1. Observed (crosses), calculated (continuous line) and difference curve
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rom the Rietveld-R.I.R. refinement of the RHA sample. Markers representing
he phase reflections correspond to corundum, tridymite and cristobalite low
from bottom to top).

he type of ash varies considerably according to the burning
echnique. The silica in the ash undergoes structural transfor-

ations depending on the conditions (time, temperature, etc.)
f combustion.17–19 At 550–800 ◦C amorphous ash is formed
nd at higher temperatures than this, crystalline ash is formed.
hese types of silica have different properties, the correct speci-
cations of which are important to produce ash for the particular
nd use.

The presence of silica in RHA has been known since 193820

nd an extensive literature search has highlighted many uses of
HA as silica replacement. Two main industrial uses have been

dentified: as an insulator in the steel industry and as a poz-
olan in the cement industry. RHA is used by the steel industry
n the production of high quality flat steel. Moreover, RHA is
n excellent insulator, having low thermal conductivity, high
elting point, low bulk density and high porosity. It is this insu-

ating property that makes it an excellent ‘tundish powder’ that
revents rapid cooling of the steel and ensures uniform solid-
fication in the continuous casting process. On the other hand,

ubstantial research has been carried out on its use in the manu-
acture of concrete. In particular, there are two areas for which
HA is used: in the manufacture of low cost building blocks,
nd in the production of high quality cement. The addition of
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g
m
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Fig. 2. SEM micrographs of the
eramic Society 27 (2007) 3483–3488

HA to cement has been found to enhance cement properties. In
eneral, concrete made with Portland cement containing RHA
as a higher compressive strength.

The use of RHA in the form of silica in the ceramic field
as been studied at a laboratory level by several authors. Prasad
t al.21,22 investigated the effect of rice husk ash in traditional
hiteware compositions completely replacing the quartz phase
ithout substantial modification to the physical and mechanical
roperties of the products. Naskar and Chatterjee investigated
he possibility to use this agricultural waste material to syn-
hesize lithium aluminium silicate (LAS) glass ceramics23 and
ordierite.24

In this study, (Pr,Zr)SiO4 yellow pigments have been synthe-
ized by solid-state reactions using RHA as silica precursor as
eceived by a preboiled industrial plant. The obtained powders
ave been characterized mainly by X-ray diffraction and SEM
nalysis, and the color developed in a suitable ceramic glaze has
een investigated in comparison with the color developed by the
igments prepared from pure SiO2.

. Experimental procedures

In order to evaluate the possibility to directly use rice husk
sh in the production of ceramic pigments, the chemical (ICP
pectroscopy, Liberty 200, Varian and Elemental Analysis, mod.
110, Carlo Erba) and mineralogical composition of the waste
s obtained from the parboiled rice production, kindly supplied
y Riso Flora S.p.A. (Italy), has been determined. Industrial
uality monoclinic ZrO2, SiO2 (�-quartz), and Pr6O11, as well
s mineralizers (NaX, where X = Cl, F), have been selected as
aw materials for the pigment preparation. Thermal behaviour
f raw materials has been studied using a simultaneous thermo-
ravimetric and differential thermal analyzer (TG-DTA, mod.
09, Netzsch). About 30 mg of powdered sample <25 �m in
rain size has been subjected to a thermal treatment from 20 to
400 ◦C at a heating rate of 10 ◦C/min.

To reproduce the industrial pigment formation, all the raw

aterials have been used as received without any purification or

rinding. Appropriately weighted raw materials have been dry
ixed for 30 min. Three different samples have been prepared:

wo compositions starting with RHA and with 0 and 3.5 wt%

as received rice husk ash.
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Fig. 4. XRD patterns of the calcined mixtures as a function of temperature: (a)
rice husk ash and zirconia; (b) rice husk ash, zirconia and Pr oxide; (c) silica,
z
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Fig. 3. DTA (a) and TG (b) curves of the as received rice husk ash.

f Pr6O11, respectively, and a composition starting from com-
ercial silica and with 3.5 wt% of Pr6O11. This sample has

een used as a reference in order to establish a comparison
f the color strength with a traditional pigment composition.
n all the prepared samples 4.5 wt% of NaF and 8 wt% of
aCl have been added as mineralizers. The so obtained mix-

ures have been calcined in a closed porcelain crucibles at
ifferent temperatures (950, 1050 and 1150 ◦C) for 60 min of
oaking time and then wet milled. In order to qualitatively and
uantitatively examine the crystalline phases present on the
aw materials and on the calcined powdered samples, X-ray
iffraction measurements (XRD) have been carried out using a
onventional Bragg-Brentano diffractometer (PW 3710, Philips
esearch Laboratories) with Ni-filtered Cu K� radiation. For

he qualitative analysis the patterns have been recorded on the
rounded samples (<25 �m in size) in the 20–80◦ 2θ range at
oom temperature, with a scanning rate of 0.005◦/s and a step size
f 0.02◦. For the quantitative analysis the combined Rietveld-
eference Intensity Ratio (R.I.R.) method has been used. A
0 wt% of corundum (NIST SRM 674a annealed at 1500 ◦C
or 1 d to increase the crystallinity to 100 wt%) has been added
o all samples as internal standard. The mixtures, ground in an
gate mortar, have been side-loaded in an aluminum flat holder
n order to minimize the preferred orientation problems. Data
ave been recorded in the 5–140◦ 2θ range (step size 0.02◦ and
s counting time for each step). The phase fractions extracted
y the Rietveld-R.I.R. refinements, using GSAS software and
XPGUI as graphical interface,25,26 have been rescaled on the
asis of the absolute weight of corundum originally added to
he mixtures as an internal standard, and therefore internally
enormalized. The background has been successfully fitted with

Chebyshev function with a variable number of coefficients
epending on its complexity. The peak profiles have been mod-
led using a pseudo-Voigt function with one Gaussian and one
orentzian coefficient. Lattice constants, phase fractions and
oefficients corresponding to sample displacement and asym-
etry have been also refined.
The morphology and microstructure of the samples have

een examined by scanning electron microscopy (SEM) (XL40,
hilips Research Laboratories) equipped with an energy disper-

ion spectroscopy (EDS) equipment (EDAX, Philips Research
aboratories).

Finally, the obtained powders have been tested as pigments
or glaze coloring. A ceramic glaze, having a typical composition

s
b
u
v

irconia and Pr oxide. Z = ZrSiO4; B = m-ZrO2; C = cristobalite.

or porcelainized stoneware (commonly known as gres porcel-
anato), has been used for pigment application. The pigments,
dded to the composition at 3 and 5 wt%, have been wet mixed
ith the ceramic frit for 30 min in a blender-mixer and then
ried. The dried powders have been pressed at 40 MPa to
roduce wires (40 mm diameter) that have been fired in an indus-
rial high-speed roller kiln using a typical industrial cycle of

40 min with a maximum temperature of 1140 ◦C. Color mea-
urements have been performed on both pigments and glazes
y UV–vis spectroscopy (model Lambda 19, Perkin Elmer)

sing the CIElab method in order to obtain L*, a* and b*
alues.
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. Results and discussion

.1. Rice husk ash characterization

The chemical analysis of the rice husk ash used, as received
y the parboiled plant of Riso Flora Italia, is reported in Table 1.

Regarding the loss of ignitions the elemental analysis defines
hat the hydrogen content is 0.15 wt%, the nitrogen content is
.16 wt% while the carbon content is 8 wt% in accordance with
he black color of the ash.

The chemical analysis, thus, confirms that the as received rice
usk ash, though with 8 wt% of unburned carbon, is a waste that
ontains a 80 wt% of very pure silica. Other oxides are all lower
han 1.5 wt%; the chromofore oxides, in particular Fe2O3 and
iO2, that can influence the color developed by the pigment in
ceramic matrix, are present only as traces.

From a mineralogical point of view, Fig. 1 shows that RHA
s mainly constituted by amorphous silica and, as crystalline
hases, tridymite (JCPDF 18-1169) and cristobalite low (JCPDF
1-076-0935).

The quantitative analysis verifies this composition and high-
ights that the Rietveld-R.I.R method gives a deeper knowledge
f the relative abundance of the crystalline phases. The results
f the quantitative analysis of RHA are summarized in Table 2.

The quantitative results underline that, as reported by
brahim,27 the thermal treatment performed on the rice to obtain
he parboiled type favors the nucleation and growth of cristo-
alite phase which, in general, starts to appear at 900 ◦C.28

he presence of tridymite, instead, is governed by the kind and
mount of impurities.29

The microstructure analysis (SEM) of the RHA evidences

hat the as received powder is very coarse (Fig. 2); however, since
t is easily crumbable, it was not necessary a further grinding
efore its mixing to the other raw materials. The EDS analysis,
ere not reported, confirmed the chemical analysis performed.

able 1
hemical analysis of the rice husk ash used

xide Composition (wt%) Oxide Composition (wt%)

iO2 81.09 K2O 1.39
l2O3 0.05 ZnO 0.01
e2O3 0.14 MnO 0.14
iO2 0.03 SO3 1.45
aO 1.07 P2O5 3.23
gO 0.75 L.O.I. 8.73
a2O – TOT 98.08

able 2
esults of Rietveld-R.I.R. quantitative analysis (wt%) of RHA

hases Content (wt%)

ristobalite low 17.2 (1)
ridymite 5.6 (2)
morphous 77.2 (2)
otal 100.0
2 4.23

wp 0.077

p 0.057
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Regarding the thermal behaviour, TG and DTA curves (Fig. 3)
how an exothermal event at around 500 ◦C due to the combus-
ion of unburned carbon present in the ash. In particular the
eight loss associated to this reaction is around 8 wt% in good

greement with the chemical analysis results. Up to 1400 ◦C
ther thermal events are not evident.

.2. Pigments characterization

Fig. 4 reports the XRD patterns of the three mixtures calcined
t 950, 1050 and 1150 ◦C.

The XRD patterns reported in Fig. 4a show the thermal evo-
ution of the mixture obtained starting from ash without the
hromofore oxide addition (0.0 wt% Pr6O11 and mineralizers).
n particular at 950 ◦C the main phase is already zircon (ZrSiO4)
hough the characteristic peaks of the unreacted monoclinic zir-
onia and cristobalite raw materials are still present. The XRD
atterns reported in Fig. 4b show, instead, the thermal evolution
f the colored mixture obtained starting from ash. At 950 ◦C the
ain phases are still monoclin zirconia and cristobalite. Zircon

nd phases containing praseodymium are not present. At higher
emperature it is possible to note the almost complete transfor-

ation of the raw materials in the desired product (with only
mall traces of unreacted monoclinic ZrO2). Finally, the XRD
atterns reported in Fig. 4c show the thermal evolution of the col-
red mixture obtained starting from quartz. In comparison with
he pigments obtained starting from ash a different reactivity is
ot visible being the phases present at the different temperatures
he same and almost in the same ratio.

Regarding the formation of the (Zr,Pr)SiO4 solid solution, a
hift of the (2, 0, 0) peak of zircon (to lower 2θ values) as the
emperature is increased can be observed in Fig. 5a. This can be
xplained in terms of the increase of the distance between the
lanes of zircon in correspondence with the increasing Pr content
n the structure, indicating an expansion of the elementary cell.
his is by the way consistent with the substitution of Pr4+ ions for
r4+ ions in the lattice (the ionic radii of Pr3+, Pr4+ and Zr4+ are
.126, 0.90 and 0.72 Å, respectively, for eightfold coordination).

similar behaviour is also visible in the pigments obtained
tarting from quartz (Fig. 5b).

The SEM analysis (Fig. 6a and b), independently on the silica
recursor used, evidenced the formation of rhombohedrical crys-
als of zircon, starting from 1050 ◦C, with an homogenous and
arrow grain size distribution centred at around 10 �m. More-
ver, in accordance with XRD patterns, at 1150 ◦C the reaction
s complete, and crystals of raw materials are not visible.

The successful formation of the pigmenting Pr–ZrSiO4 solid
olution has been also confirmed by colorimetric analysis
Table 3). In fact, the b* parameter, indicating the predominance
f the yellow color (+b*) on the blue color (−b*), increases with
he calcination temperature, irrespective of the silica precursor
sed. The color developed by the two precursor is quite the same
nd reach the higher yellowness at 1150 ◦C. For this reason only

he pigments calcined at 1150 ◦C have been used to verify their
hemical stability in a ceramic glaze. The color developed by
hese pigments added both at 3 and 5 wt% in an industrial glaze
or high temperature is reported in Table 4. The table shows that
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Fig. 5. XRD patterns as a function of temperature of pigments obtained starting
from rice husk ash (a) and quartz (b). Z = ZrSiO4; B = m-ZrO2; Q = quartz.

Fig. 6. SEM micrographs of the pigments obtained starting from ash at 1050
(a) and 1150 ◦C (b) (as representative).

Table 3
CIElab values of pigments obtained by ash and quartz as a function of
temperature

Sample L* a* b*

Ash 950 76.01 −2.32 36.57
Ash 1050 79.94 −2.26 45.86
Ash 1150 77.00 5.13 58.12
Quartz 950 71.01 −2.21 42.57
Quartz 1050 76.94 −1.96 51.86
Quartz 1150 81.06 6.09 53.12

Table 4
CIElab values of the obtained glazes

Glaze wt% L* a* b*

Ash 1150 3 83.72 −7.10 56.77
5 83.79 −7.06 56.82

Q

t
o
s

4
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d
c
s
c
T
c
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e
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R

uartz 1150 3 82.48 −7.86 52.50
5 82.54 −7.92 52.41

he obtained pigments develop a good yellow color, irrespective
f the raw materials used, indicating the chemical and thermal
tability of the synthesized powders.

. Conclusion

This work allows us to confirm the possibility to use rice husk
sh as silica precursor for the development of praseodymium
oped zircon yellow pigment. The characterization carried out
orroborates the thermal and chemical stability of the synthe-
ized powders and allow us to determine the optimal synthesis
onditions for the formation of the Pr–ZrSiO4 solid solution.
he obtained pigments are stable and develop an intense yellow
olor that is very similar to the color developed by the pigments
btained starting from pure quartz.
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