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Abstract: The paper presents experiments carry out on the synthesis of colored
willemite pigments by solid phase sintering technology, addilgrice ash as a
source of silica (Si€). The color carriers in the pigments are the chromophores, as
Co?*, Ni**, F&*™ In these cases in willemite crystal lattice, ZnO was partially
substituted with CoO and NiO to obtain of.Z680,Si0Os; and NpxCo,SiOs. Addition

of FeOs leads to synthesis of willemite and iraimc spinel A number of analyzes

were used to determine the phase composition and the optimal temperature of the
synthesis. In most pigments, the basic phase is obtained t0900° C. Ceramic
pigments and Si©from rice husk ash were examined mainly byray analysis,

DTA, FTIR, scanning electron microscopy (SEM). The color of the pigments is
determined using the Lovibond Tintometer RT 100 ColorCIELab color
measurementHigh temperature cemic pigments using stable crystalline phase of
Zn,Si0Os are synthesized. It has been found that synthesized pigments are suitable and
can be successfully applied in glazed tiles and sanitary ceramics.

Keywords: & e r a mpigneents chromophores,color measurementsolid-state
sintering rice husk ash
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INTRODUCTION

The object of the presemtudy is investigation of possibility of obtaining ceramic pigments by
utilizing a widespread biavaste - rice husk.The use ofindustrial waste (byroducts) as raw
materials in the ceramic industry has been under study for decades due to the economical, energy and
environmental advantagée’s The combustion of rice husk in air medium results in the production of
white rice husk sh (RHA). Rice husk ash contents a high amount o¢-Si@re than 90% In our

work, as a source of SiOwe have used white rice husk ash. Rice husk is waste product containing
about 20 % Si@ Rice husk is a bproduct of rice milling process. Annuallgbout 500 miIn tons of

rice are processed to obtain 100 min tons of rice husk. The latter con{afi¥/ 6rganic components

and the rest is inorganic components, mainly ST@e use of biewaste as raw materials in the
ceramic industryhasbeen studied fomany yearsdue to the economic, energy and environmental
advantages. Ceramic pigments are inorganic colored finely dispersed powders which, when added to
some medium, impart certain color and change some of its properties. Beside their coloring ability,
the ceramic pigments are resistant to atmospheric and chemical influences, high temperatures,
decomposing activity of silicate melts and the effects of fightThese colored inorganic substances

have high coefficient of light refraction, they are ingdéuin water, organic solvents and binding
materials but possess the ability to dispersthéam and impart specific colofhe coloring of the

pigment occurs due to the selective absorption of certain wavelengths of light by its crystal lattice. As

a reslt, the pigments are colored in a color complementary to the absorbed one. Most often, the color
carriers in the pigments are the chromophores. These are atoms and atomic agglomerates which have
the ability to impart one or another color to the substawbese they are present.

The ceramic pigments must have the following properties: resistance to high temperatures, resistance
to the eroding effects of silicate melts at the temperatures of sintering, high color intensity, cover
ability, light stability. Most of the compounds obeying these requirements are colorless. To make
them play the role of pigment, they are artificially colored by introducing substances imparting the
desired colorSuch properties have the compounds of transitioand f elements, g. vanadium,

iron, cobalt, manganese, nickel, chromium, copper, praseodymium, etc.

One of the most suitable materials complying with the requirements for pigments mentioned above is
willemite. For this reason, it is more and more used for these puthYs#¥illemite is a mineral

zinc silicate [ZaSiOy]. It has been discovered in the form of small brown crystals and in 1830 was
named after the King of Holland Willem I (Willem Frederik). Willemite can be green, yellow, brown,
red-brown, orange and blué can be found in nature as small prismatic or stubby crystals. It is one of
not many silicates with trigonatystal systemsvhich is more characteristic for the carbonabesur

earlier studies, we have proved the effect of CoO as an oxide impsatimgted blue color to the
willemite pigment&®° In the present work, the efforts were focused on the effects of other oxides,
e.g. NiO and F£s, besides CoO, on the synthesis and propertigdgligmite pigments suitable for

the ceramic industry.

MATERIALS AND METHODS
Materials: The synthesis of pigments is carried out by a solid state reaction using the following

chemically pure initial materials: ZnO, CoO.Be, NiO.

Methods: Thewillemite ceramic pigmentand rice husk ash were studied byay analysis, infrared
spectroscopy (FIR), differential thermal analysis (DTA) and scanning electron microscopy (SEM)
as well as by the system of coloeasuremerit CIELab.
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The X-rayanalyses were carried out by the method of powder diffraction usiray Xpparatus
equipped D2 PHASER AXSBruker, with Cu anode and g€mission, (Culé, | =1.5406A). The
following operatingegimewas used during the experiments: current 10 mA and voltage 30 kV.

The FTIR - studies were performed on a Tenst Fourier infrared spectrophotometer FTIR
(Bruker, Germany in the interval 400 4000 cm' at resolution of 1 cth Measurements were carried
out at room temperaturdhe sample (0,3 mg) was tableted with KBr (100 mg) at a pressurd of 2
atm. The DTA experiments were performed orapparatus for complex thermal analyss3 A 449

F3 Jupite), NETZSCH,Germany by heating to 110D at a rate of 1@ min™.

The morphology and microstructure of the rice husk and pigments were examined by scanning
electron microscopy (SEM)The electron microscope photographs weretakenusing scanning
electonmi croscopefPhil i ps with EithBh2dXM /rdy Dicxoanalys0 The
microphotograhps were madea regime of secondary electrons at acceleration of 20 kV.

Color is one of the most important indicators of pigment quality. Colored substancels abdo
convert light rays of a certain wavelength into the visible portion of the spectrum, due to their atomic
structure. The CIELab system defines colors not only of ceramic pigments but also of other materials,
which indicates that this system is unsa&r and widely usedln the present papehe color
determination of the pigments is determined spectrally by a tintometer of Laviiotometer RT

100 ColorThe colour measurements were performed using the CIELab method. This method, which
is the standar analysis in the ceramic industry, especially for the ceramic pigments allows to
determine the whiteness and colour degree of tiles by measuring the three paramed&i@nd b*,

where

- L* (brightness), from absolute whit¢ = 100 to absolute bladk*=0
- a* - green coloK -) / red color( +)

- b* - bluecolor ( -) / yellow color ( +)

The color space of thelELalsystem is shown in figure 1.

White

a - b

. . Yellow -a* Green +b*  Yellow
+b*

Red
+a*

L* = 100 (Light)

-b* Blue +a* Red

Black

L* =0 (Dark)

Fig. 1(a,b): The colour space o€IELabsystem
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EXPERIMENT

Quantities of the starting oxid€&nO, CoO, E0s, NiO) in the 100 g batch recipe are weighed to the
nearest 0,1 g, then mixed and homogenized in a PULVERIZETEG6 planetary mill of FRTHeH.
blend$ acipes are calculated as to partially replace ZnO with CoQOEeNiO in the formation of the
willemite. As a source of Sioxo the feedstocks, we have adda® husk oxidized at 65C in air -

rice husk astiRHA). The present study was carried out with rice husk obtained during processing of
rice variety Krasnodarski 424 grown in Bulgaria. They are-sihaped and size approximately: 8 mm
length, 23 mm width and 0,100,15 mm thickness. The husk contain 74,5% organic matter
(cellulose, hemicellulose and lignine) and water, and the rest is inorganic matter containing 20% SiO
and 5,5% mixture of the followg oxides: CaO, F®s;, MgO, AlLOs; NaO, KO, MnG;,, as well as
traces of Cu and PH° These oxides, accompanying Sifay the role of a mineralizer in the
synthesis of pigments.

The synthesis of pigments was carried out by the method of solid istteténg. The sintering of the

initial blends, the compositions of which are presented in Table 1, was performed in a laboratory
muffle furnace at heating rat s\min and 2 h isothermal period at the final temperatiitee
pigments were sintered &00%4 , #0,001100Ay and 1150Aw4. After
homogenization was carried out in a planetary RUILVERIZETES, product ofiFRITCHO Co.The
pigmend synthesis scheme is shownrfig. 2.

Fig. 2 Pigment 6s synthesis scheme
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RESULTS AND DISCUSION

Characterization of the initial materials

Scanning electron microscopycharacterization of RHA:Figure 3 (A, B) shows images of rice
husks burnt in air agreater(fig. 3A) and smalleffig. 3B) magnification

Fig. 3: Microphotographs of oxidized rice husk

It can be seen from the two images that mainly inorganic mass forming the-eiiggen carcass
remains after the removal of the organics. The silimoygen carcass ($-Si) which builds the
oxidized husk is clearly seenfigure 3B.

X- Ray analysis of RHA: Since the raw and the thermally treated rice husk will be used as SiO
source for pigments synthesized, it is important to know what strudtareges they undergo during
heating. The determination of the temperature up to which the powder is amorphous is significant
because the crystalline product has lower reactivity than the amorphous one. Waingnélysis, the
change of rice husk structucaused by their burning at different temperatures in oxidative and inert
media was assessf).4 a-f).
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Fig.4:X- ray diffraction patterns of) rice huslburﬁtin nitrogen at 100QC; b+f ) rice huskburnt in
air at800C, 850 C, 900 C, 1000C ard 1200 C, respectively
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The studies showed that the burning of rice husk at temperatures up @ 0er in air or in inert
medium gives amorphous product. T$ampleoxidized at 850C indicated slight crystallinity.The
diffractogrampresented in Figc shows a distinguishable peak<(d.04 A) corresponding to theigh

- crystalline phasef silica- a-cristobalite while at 900C (Fig.4d), the pattemhad four peaks
characteristic for-cristobalite(d = 404 A; 285 A; 248 A; 211 A). The sameeaks were observed

at 1000C (Fig.4e but with higher intensity, i.e. the increase of burning temperature facilitates the
crystallization ofsilica in RHA All the sevenpeaks registeredt 1200C (Fig.4f) are characteristic
also fora-cristobalitewith traces of tridymite. Quartz was not detected.

DTA of the blends: The raw materials mixtures were subjected to differethiemal analysis to

study the processes occurring with them at heating to 1100 °C. Three mixtures prepared for synthesis
of pigmentswere analyzed: C1 and C2, N1 and N2, F1 and F2. The results obtained are presented in
Figures 5- 7.
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Fig. 6: DTA of mixtures for samples N1 and N2 (synthesized at $30énhd 115GC)
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Fig. 7: DTA of mixtures for samples F1 and F2 (synthesized at F0Gihd 115(C)

The amalysis of the TG curves showed that the biggest mass loss was observed for the mixtures
containing NiO (N1 and N2j) 9,1% and the smallestfor mixtures F1 and F2 3,84%. The mass

loss for the mixtures C1 and C2 was 7,5 %. The peak observed at 100 &@rivased tohumidity
eliminatiort®. Further mass loss can be related to the finished oxidation of the residual carbon of the
rice husk and release of volatile components of the rice husks and the mixtures.

Clearly distinguishable exothermal peak waseobsd in all the DTA curves: at 312 °C (fig.5), 340 °C
(fig. 6) and 338°Cfig.7) which was attributed to the finished oxidation of rice husks residual carbon.
Figure 5 shows also a stroegdothermic peak at around 920W8ich was can be connected wiltet
transformation of willemite into cobaltine.

Characterization of the pigments

Color Measurement: One of the most characteristic properties of the pigments is their color. In this
respect, one of the most important studies of pigments is connectechavittetermination of their

color coordinates. The results obtained for color coordinates of the pigments synthesized from
mixtures C1i C5, F1i F2 and NIi N2 were determined in the system CIELab and they are shown in
Table 1.

It can be seen from the daieesented that the best results were obtained by the synthesis of the Co
willemite pigments. The most saturated color had the pigment with composition C4
(0,375C00.1,625Zn0. Sipsintered at 1006 wher e t he amount of bl ue
CIELab system was b*=41.24. The results shown in Table 1 indicated that the optimal temperature

for synthesis of cobalillemite pigments is 10084 .

The pigments synthesized which contained iranixtures F1 and F2 had brown color with the values
of the coordinates a* and b* decreasing with the increase of the sintering tempiethayravere a*
23,23 and b*44,16 at 1000 °C and a*14,12 and b*17,17 at 1100 °C.

The color observed for the nickeillemite pigments was green and the amount of green color
increased with the increase of the sintering temperatafrewhile parameter (+b*) decreased.

A tendency of decrease of luminance L* was observed for all the pigments (they became darker) with
the increase of the sintering temperature.
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Tablel: Resul t s

of color coordinates measurements

at 900%C, 1000C, 1100%C and 1156C

Ne

sumple Composition Color T.,°C L* ax b *
Cl Co00.Z2n0.Si0; 1000 31,50 -3,35 -9,50
c2 C00.Zn0.Si0; 1150 28,25 3,03 -17,74
C3 0,375 Co00.1,625.Zn0.Si0; 900 35,82 -6,93 -14,26
C4 0,375 Co00.1,625.Zn0.Si0; 1000 35,68 2,08 -41,24
Cs 0,375 C00.1,625.Zn0.Si0; 1100 3470 10,72 -39,08
Fl |Fe0.Zn0.Si0; 1000 5314 | 2323 | 44.16
F2 | Fe0.ZnO.SiO; 1150 35901 | 1412 | 1717
N1 Ni0.Zn0.510;, 1000 69.86 -3,94 21,62
N2 Ni0.Zn0.810, - 1150 63,29 -13,75 15,97

X - ray analysis of the pigments The Xiray analysis carried out slved that cobaltvillemite
ceramic pigments were synthesized in the syst€n0.(2x).Zn0.SiQ, where x=0,375 and 1,00, as
well as nickelwillemite ceramic pigments in the system NiGx)2Zn0.SiQ, where x=1,0qfigs. 8 -
11). The addition of iron rest in synthesis of spinel pigments contagnismaller amounts of
willemite (fig. 11). The results shown in figures1d correlate excellently with these for color and
luminance presented able 1

Intensity [a.u.]

—=— C1

T=1150°C —e—-C2
tr Z W

w

Cu 20[°]

Fig. 8: XRD parents of Ce dopped zinc silicate aealed at 1000 and 11D Legend: w

willemite, tr- trydimite (SiQ), z ZnO, ¢ CoO
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Fig. 9: XRD parents of Ce dopped (0,375C00) zinc silicate synthesized at 900, 1000 and 1100
%C. Legend: wwillemite, tr- trydimite (SiQ)

2500 — N n
T=1150C —=— N1
] —e— N2
2000 - tr zzn
| W W z
w w w
S 1500 W
o,
= |
2 4000 - 3
g T =10007C
500 |
Leedeamel
0 T J T J ] J T ' T ) T ' 1
10 20 30 40 50 60 70
Cu 2@[°]

Fig. 10: XRD parents d6Ni - dopped zinc silicate synthesized at 1000 and £C50egend: w
willemite, tr- trydimite (SiQ), z- ZnO, n- NiO
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Fig. 11: XRD parents of Fe dopped zinc silicate synthesized at 160Gand 115¢C. Legend: w
willemite, sp spinel (ZnO.Fg03), z- ZnO, f Fe0Os
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The diffraction patterns shown above (figuresl) indicated that it is possible to obtain willemite
pigments by substitution of ZnO with CoO and NiO. It can be concluded fom the four figures that the
best results were obtained for timxtures with 0,375 Co® C3+C5.The powder heated at 960,

1000°C and 1100°C consisted mainly of crystalline Z8iO, (willemite). X- ray data shows that the
quality of ZnSiOsi s achi evéddoatposl@0@Wue v4 (figure 9). Th
work of PangilinarFerolin and Vequizad* who studied thesynthesis of zinc silicate by sol&late
reaction using silica from rice husks ash (RHA). In mixture C4 sintateti0O0 °C, obviously,
complete substitution of zinc by cobalt in the crystal lattice of zinc silicate was achieved to form
willemite-cobaltine and this is the reason for the better values determined by the measurement of
color coordinates of the pigments*= -41,24 and L*= 39,08). Significant amount of cobaltine was
obtained with the mixtures containing 1 mole CoO but the color coordinates measured were worse
than these for the compositions with 0,375 CoO.

By the addition of NiO in the initial mixturey weaker interaction was observed between ZnO and
SiOfrom the rice husks and, respectively, less zinc was substituted by nickel in willemite(fagtice

10). The smallest amount of willemite was obtained by the addition @:Ffe the initial mixturesin

this case, F©®;bonds predominantly with ZnO to form a new compourathemically bonded spinel
Zn0.FeOs (fig. 11). Most probably, the reason for this was preservation of the electroneutrality of the
lattice.In the system E@®; - ZnO - SiO,, practicaly brown spinel pigments with very good
characteristics were obtained. Better color characteristics had the pigments synthesizeéCat 1000
mixture F1 (b* =44,16, L*=53,14). With this composition, the amount of the spinel phase
predominates the willemitghaseg(fig. 11). The works of Masslennikova et al. confirm our results for

Ni and Fe doped pigmenitgs. By the high temperature sintering of the four initial mixtures, beside
the newly formed chemical compounidswillemite or spinel, remain unreacted tial oxides the

peaks of which can be observed in the diffraction patterns. The results obtained from the XRD
analysis showed that almost all of the SiOr om t he ri ce husks readted wi
N1 and N2 to give willemite, while in mixttes F1 and F#fig. 11) SiO, binds to ZnO mainly before

the formation of spinel ZnO.FeOs so the willemite synthesized was less. It can be seen in all the
four figures 811 that due to the presence of alkali impurities in the rice husk€(N&O), thehigh
temperature modification of SiQva s-t Ui dy mi t e cridgtobalite, asoittusudlly occurs in
practices.

FTIR analysisof the pigments Three kinds of pigments synthesized at 1150°C and containing: CoO
(composition C2), NiO (composition N2) and.Be (composition F2) were subjectdd FT-IR
analysis. Thé=T-IR spectra of ZnCox SiOs Ni2xCoc SiOs, and Fe Zn spinel pigments sintered at
1150°C are shown ifigures 1214.
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Fig. 14: FTIR spectrum of composition F2 (Fe0.Zn0O.8i0

The weak absorption bands present in all the three spectra with maximum at abou83d@&mt

can be attributed to the valent vibrations of @+ bond in the water molecules witlydrogen
bonds. The weak absorption band at 1631,15, 1650,93 and 16154 Iesm., results from the
def ormation vibrati onkO)® The inthnse band tatel08d omd, lrespc u | e s
109678cm?, was due to the valent vibrations of the silietygen tetrahedrons 77 .5 (SiOs). The
characteristi bands at 976,98 cinrespectively 972,12 cfn 928,07 cr, respectively 930,93 ¢t

and 895,39 crh respectively 899,83 chcorresponds to asymmetric stretching vibration modes as
(SiOs) 2% The characteristic bands at 866,21 cmespectively 8680 cm?, and the presence of an
absorption band at 794 cntan be explained by symmetric stretching vibration (s) D $ionds
from siliconoxygen tetrahedra (SKD The two vibrations at 576,30 cimrespectively 576,00 cf

and 614,79 cmy characterizehe willemite structure and probably correspond to the asymmetric
modes of vibrations (vas ZnDand symmetric (vSZng?,

The existence of absorption bands in the-foegquency part of the spectra at about/460,92cn?
can be attributed to the defoation vibrationg(lig of the bonds Si O in the SiQ, tetrahedrons, as
well as to the symmetric stretching vibration of Z{@nO;) 1824

Characterization of the pigmentsusing Scanning Electron Microscopy (SEM): Figures 1516
presented microphotographs willemite pigments with composition C00.ZnO.SIQC1 and C2
synthesized resp. at 10@and 115€C).
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Fig. 15 (a,b): Micrographs ofwillemite pigments of composition C1

Fig. 16 (a,b):Micrographs ofwillemite pigments of composition C2

The SEM images of theynthesizedwillemite ceramic pigments of compositions C1 and C2,
respectively after ther mal treat ment at 1000
particles with dimensions of about-200 € m, accompanied by formless
shape of thedrger particles is extra proof of the high degree of crystallinity of the resulting pigments.
The presence of molded particles indicates the presence of amorphous structures. As shown in figure
4, the burning of rice husk at temperatures up to 800 ° @rdithair gives amorphous product. It is
possible that the amorphous structures are from unreacted ash of rice husk.

CONCLUSION

The possibility to obtain colored willemite pigments using*Cdli*, F&* as chromophoreswas
proved.In synthesizegigmentsZnO wassubstitutedpartially by CoOandNiO a¥Zn,xCox SiOs and
Ni2xCo SiOs. The additionof FeOs; leads tosynthesis simultaneoustyf willemite and ironzinc

spinel As a source of Sig) white rice husk were used. It was found that the best remdte
obtained with the cobalt doped pigment with compositiofh 0,375C00.1,625Zn0.Sipsynthesized

at temperature of 100%. In those case, zinc was totally substituted by cobalt in the crystal lattice of
the zinc silicate to form willemiteobaltine and this stipulates the better result obtained by the
measuremet of the color coordinates of the pigments where the amount of blue color measured in the
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