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ABSTRACT

Using rice husk ash as silica, the influence of the firing temperature and holding time on the color intensity of Pr-ZrSiO
4
 pig-

ments were investigated. The Pr-yellow pigments were calcined at 500, 700, 800, 900, 950, 1000, 1100oC in a ceramic method.

The synthesized pigments were characterized by DT-TG thermal analysis, X-ray diffraction, UV-Vis spectroscopy, and SEM-

EDAX analysis. The relationship between the zircon phase-formation growth and Pr-yellow color development was evaluated and

the optimum firing conditions were determined. The color of the pigment samples was characterized on the grounds of the Com-

mission Internationale de l’Eclairage (CIE) standard procedure (CIE L*a*b* measurement) after an application on the bisque

ceramic tile.

Key words : Rice husk ash, Pr-ZrSiO
4
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1. Introduction

ellow pigments for ceramics include Sn-V, Zr-V,

Ti-Cr-Sb, Zr-Ce and Zr-Si-Cd-S. A representative yel-

low pigment which is bright and shows good durability and

high saturation is Pr-ZrSiO
4
. The colors obtained by doping

the zircon lattice with guest metal species are yellow, blue

or pink when praseodymium, vanadium, or iron ions,

respectively, are introduced.1-6) Pr-doped zircon yellow pig-

ment was first developed by Kato and Takashima7) in 1956

using Na
2
MoO

4
, and NaCl and was patented in 1961

through the effort of Seabright.8) In 1970, using a marker

technique, Eppler proposed the ion diffusion model and the

vapor transport model to elucidate the mechanism of color-

ing by zircon pigments.9) Trojan,10) by means of a thermal

analysis based on a tableting experiment, described an

advanced mechanism of the synthesis of yellow zircon pig-

ment. The Pr-containing component can reportedly be

transported in the liquid melt phase at low temperatures.

However, at high temperatures it moves in the gas phase

and thus serves as a mineralizer during the synthesis of zir-

con. It has been also reported to be oxidized into the state of

Pr4+ at the moment of pigment synthesis to make a contri-

bution to yellow coloring. In addition, Ocana et al.11,12)

reported that the mineralizer NaF in yellow pigments low-

ers the calcination temperature and stabilizes the utiliza-

tion of Pr4+ during pigment synthesis, thereby contributing

to the improvement of chromaticity. Some dispute remains,

however, as to the valence of the Pr which is involved in the

yellow coloring during the synthesis of Pr-ZrSiO
4
 yellow pig-

ment. Badenes et al. found that Pr-ZrSiO
4
 yellow pigment

has a mixed nature involving a solid solution and the encap-

sulating of Pr due to the influence of trivalent praseody-

mium.13) In the present research, rice husk ash, which has a

high reactivity as silica, was used for the synthesis of yellow

pigments. Currently in Korea, the estimated production of

rice husk is approximately 800,000 tons per year. Research

is continuing to determine the feasibility of using the rice

husk ash, which remains as waste after burning, as an

industrial raw material.14) In particular, research on the use

of rice husk ash as an industrial raw material is most active

in the cement industry in an effort to use it as pozzolan.15-18)

The kinetics of silica particles has also been the subject of

wide-ranging research.19) Rice husk ash is typically used as

a source of natural amorphous silica. It has a high specific

surface area and good reactivity and accordingly is used for

the body20) or as a glaze in the field of ceramics. However,

scant research exists concerning the use of rice husk ash, an

agricultural waste, for the synthesis of ceramic pigments.21)

In this study, the materials used in the synthesis of Pr-

ZrSiO
4
 pigments are m-ZrO

2
, rice husk ash as amorphous

silica and NaF and NaCl as mineralizers. These materials

were used in an attempt to determine the optimum condi-

tions for the synthesis of yellow Pr-ZrSiO
4
 pigments in a

range of firing conditions. 

2. Experimental Procedures

2.1. Sample preparation

The preparation of the praseodymium-doped zircon pig-

ments was carried out using traditional ceramic procedures.

Y



398 Journal of the Korean Ceramic Society - Kyu-Ri Pyon and Byung-Ha Lee Vol. 46, No. 4

High-purity reagent-grade monoclinic zirconia (Yakuri Pure

Chemical Co., LTD), rice husk ash as silica, and Pr
6
O

11
 (Alfa

Aesar/A Johnson Mathey Company), as well as the mineral-

izers of NaF and NaCl (Duksan Pure Chemical Co., LTD)

were selected as the raw materials in the preparation of the

pigment. The rice husk ash used was obtained by the slow-

est possible burning at 1000oC (the color was black). After

burning, it was washed repeatedly with water to remove as

much alkali as possible. The average particle size was

0.56 µm. ZrO
2
 and SiO

2
 were mixed to an equimolar concen-

tration. 5% of Pr
6
O

11
, 4% of NaF and 8% of NaCl were added

to the mixture, and this was then milled in acetone. The

resulting dried powders were finally homogenized in an

agate mortar, and samples of the mixture were placed in

alumina crucibles. In order to allow the Pr-ZrSiO
4
 pigment

to be formed in a solid-state reaction, the dried powders

were fired in an electric furnace at temperatures ranging

between 500 and 1100oC for 3 h.

2.2. Firing schedule

To produce an intense yellow pigment and lower the syn-

thesis temperature, the firing conditions were designed

with two types of holding schedules, as shown in Fig. 1(a)

and (b). The samples calcined at 900 and 1100oC were some-

what yellow in color. Based on this result, the holding times

at these temperatures were varied from 3 h to 18 h and 36 h

in subsequent trials, as shown in Fig. 1(a). As a result, the

samples with a holding time of 18 h at temperatures of 900

and 1100oC showed a fine yellow color. Therefore, these

temperatures were fixed for further experiments to improve

the pigments and to achieve a more intense and desirable

yellow pigment with a change of the holding schedule to two

steps, as shown in Fig. 1 (b). 

2.3. Characteristics of Pr-ZrSiO
4
 pigments 

To measure the silica content in the rice husk ash, an

analysis was carried out using XRF (Shimadzu, XRF-1800).

A particle size analyzer (Shimadzu, SALD-7101) was used

for an analysis of the particle size, and the thermal behavior

of the sample mixture was analyzed through thermal analy-

sis (TG-DTA, Dong-il Shimadzu, Japan). Characterization

of the calcined samples was done using an X-ray diffracto-

meter with Ni-filtered Cu Kα radiation (Shimadzu, XRD

7000). For a qualitative analysis, the patterns were recorded

on grounded samples in the 10−7o 2θ range at room temper-

ature at a scanning rate of 10o/m and a step size of 0.2o.

10 wt% of corundum (α-Al
2
O

3
 ) was added to all samples as

an internal standard. The fraction of ZrSiO
4 

(αZrSiO
4
=

I
ZS(200)

+I
M(111)

+I
M(111)

+I
T(111)

) was obtained based on the rela-

tive intensity calculated using the four peak areas of ZrSiO
4

(200), (monoclinic) m-ZrO
2 
(111, 111) and (tetragonal) t-ZrO

2

(111) that appeared in the 2θ range of 26~32 in the X-ray

diffraction pattern of the sample powder heat-treated at

each temperature.22)

The oxidation state of the Pr in the pigments synthesized

at various calcination temperatures was analyzed using FT-

IR (Shimazu, IR Prestige-21). The FT-IR spectra were

obtained in the transparent mode in the range of 500~

4000 cm-1 using a pellet made by mixing 99% KBr with 1%

of the sample. The UV-Vis spectra were obtained in the

transmission mode in the range of 200-800 nm. The colors of

the synthesized pigments and their coloring in lime-barium

glaze were analyzed via UV-Vis spectroscopy (Shimadzu,

UV-2410 PC). The range of 380~780 nm and the transmis-

sion mode were selected, and the result was represented as

the spectral reflection curve. The result was also expressed

numerically by means of UV PC optical color analysis soft-

ware (Shimazu, P/N 206-67449) using the CIE L*a*b* color

system. In the CIE L*a*b* color order system, L* represents

the brightness in the range from black (L*=0) to white

(L*=100), a* is an axis representing the colors in the range

from green (-a*) to red (+a*), while b* is an axis representing

the colors in the range from blue (-b*) to yellow (+b*). 

2.4. Application of glazes under high-temperature

firing

The scope of the application of the Pr-ZrSiO
4
 pigments

synthesized in the present study is the range of the ceram-

ics created by high-temperature firing (SK 8 - 10). For the

final evaluation of the coloring of the synthesized pigments,

experiments were conducted by applying the pigments to

Fig. 1. One-step holding schedule at 900oC and 1100oC for
3 h/18 h/36 h (3oC/min)(a) and two-step holding sched-
ule of Pr 5% doped zircon pigments at 700oC for 3 h at
900oC and 1100oC for 18 h (3oC/min)(b).
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glazes used in ceramics made by high-temperature firing.

Lime-barium glaze was used because it has the best fluidity

and widest transparent and glossy area of all the compo-

nents of basic glaze. Its Seger formula is as follows:

0.297 KNaO

0.157 CaO 0.734 Al
2
O

3
4.682 SiO

2

0.018 MgO

0.528 BaO

Each of the synthesized pigments was added to lime-barium

glazes (10%) and this was followed by wet-mixing. The result-

ing glazes were applied to tile-type bisque samples. Firing was

done in an electric furnace by raising temperature to 1265oC

at a rate of 3oC/min. This was followed by 30 min of firing at

1265oC. The samples were then cooled. The characteristics of

the colors of the high-temperature fired glazes using the syn-

thesized Pr-ZrSiO
4
 pigments were measured by UV-Vis spec-

troscopy, and these values were then expressed numerically

based on the CIE L*a*b* color order system.

3. Results and Discussions

3.1. Characterization of raw samples: thermal anal-

ysis (TG/DTA)

The results of the chemical analysis and particle analysis

of the rice husk ash are shown in Tables 1 and 2. The loss of

ignition of the ground rice husk ash was 25.75% while that

of the silica content was 58%. Additionally, the content of

the Fe
2
O

3
, which affects clothe coloring, was extremely low

at 1.89%. This value for the content of the alkali was 4.04%.

The thermal behavior of the sample mixture measured by

TG-DTA is shown in Fig. 3. The exothermic peak around

420oC is considered to be due to the combustion of unburned

carbon. This is in accordance with the decrease of the weight

of the TG. The small exothermic peak around 550oC appears

to be due to the formation of the intermediate Pr compound

caused by the transition of α-SiO
2
→β-SiO

2
 and by the reac-

tion of Pr
2
O

3
+2SiO

2
. This is in accordance with the XRD

data. The small peaks above 600oC indicate that due to the melting reaction caused by the NaF and NaCl. Trojan10)

Table 1. Chemical Analysis of the Rice Husk Ash as Received

Oxide Composition (%) Oxide Composition (%)

SiO
2

58.16 K
2
O 3.90

Al
2
O

3
3.23 P

2
O

5
2.31

Fe
2
O

3
1.89 MnO 0.26

MgO 1.23

CaO 2.40 Ig.loss 25.75

Na
2
O 0.14

Table 2. UV Analysis of Glazed Tiles with Synthesized Samples
of Pr 5% Doped Zircon Pigments

Sample Glazed tiles (10%)

L* a* b* H V C

500 (30 min) 84.48 -0.96 17.09 3.1Y 8.3 2.2 

700 (30 min) 85.31 -2.66 19.36 4.8Y 8.4 2.5 

800 (3 h) 86.05 -7.02 36.76 7.2Y 8.5 4.8 

900 (3 h) 83.23 -12.57 45.36 0.4GY 8.2 6.1 

950 (3 h) 85.22 -11.17 53.98 8.6Y 8.4 7.3 

1000 (3 h) 85.71 -11.47 50.51 9.1Y 8.4 6.8 

1100 (3 h) 84.32 -10.03 62.01 7.5Y 8.3 8.4 

Fig. 3. DT-TG Curves obtained for the Pr-doped zircon sam-
ple (Pr

6
O

11
 5%, NaF 4%, NaCl 8%).

Fig. 2.  Particle analysis of the rice husk ash as received.
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reported that when halides fluoride and chloride were used

as mineralizers in the synthesis of Pr-ZrSiO
4
 pigments

through a thermal process, they react with SiO
2
 at low tem-

peratures to form soluble glass. It has also been reported

that some mineralizers react with Si to escape as SiF
4
 from

the mixture and then move to ZrO
2
 grains, thereby contrib-

uting to zircon formation as well as to the diffusion reaction

during the synthesis of the pigment. It was also found that

the praseodymium existing in a trivalent form in the melt

phase of the mixture must be converted to the tetravalent

form during pigment synthesis; only this type of method can

allow a non-defective substitution for zirconium when inclu-

sion occurs at the moment zircon is formed. Hence, the oxy-

gen in the mixture is consumed. Furthermore, in Trojan’s

research on the subject of TG, it was mentioned that the

very weak increase in the mass during pigment synthesis

was due to the inclusion of gaseous oxygen into the solid

phase of the pigment as caused by the conversion of the oxi-

dation state of praseodymium to 4+.

 In the present study, the TG curve of Fig. 3 again shows a

very weak increase in the mass from 900oC. This result is in

accordance with the description, which essentially confirms

that the oxidation state of Pr was converted to 4+ during the

formation of zircon. 

3.2. X-Ray diffraction characterization 

3.2.1. Phase changes depending on different calcination tem-

peratures

With regard to the synthesis of Pr-doped zircon using rice

husk ash, the relationship between the zircon formation

and coloring of the pigment according to the calcination

temperature was investigated. Fig. 4 shows the calcination

temperature-dependent change in the crystalline phases of

Pr-ZrSiO
4
 pigments synthesized with an addition of 5%

Pr
6
O

11
. In this synthesis, the holding time in the low-tem-

perature range of 500~700oC was 30 min, whereas it was

800~1100oC at 3 h, the temperature range in which zircon is

formed. This result was an observation of m-ZrO
2
 as the

main phase at 500oC as well as Pr
2
SiO

5
 as an intermediate

phase between β-quartz and Pr
6
O

11
. At 700oC, cristobalite

began to form and react with m-ZrO
2
. The zircon phase

began to be detected from 800oC as a trace, but at 900oC it

rapidly grew and became the main phase. In this research,

the temperature at which zircon began to be formed was

800oC which is lower by nearly 150oC compared to that

when SiO
2
 was used.21) This is considered to have occurred

due to the high reactivity of rice husk ash, which consists of

fine particles of amorphous silica. Fig. 5 shows the yields of

zircon and m-ZrO
2
 phases according to the calcination tem-

perature. As shown in Fig. 5, at 800oC a small amount of

zircon began to form and was detected by XRD. Subse-

quently a rapid formation of zircon crystal occurred at 900oC

accompanied by an improvement of the yellow coloring (b*
Fig. 4. XRD patterns of different temperatures in Pr 5% doped

ZrSiO
4
 pigments. (500,700oC: 30 min, 800~1100oC: 3 h

keeping) Z: zircon, m: monoclinic ZrO
2
, t: tetragonal ZrO

2
,

Q: low quartz, C: cristobalite, PS: Pr
2
SiO

5
, A: corundum.

Fig. 5. Zircon and m-ZrO
2
 yield with different temperatures

of the Pr 5% doped ZrSiO
4
 pigments.

Fig. 6. XRD Patterns of different holding times at 900oC in
Pr 5% doped ZrSiO

4
 pigments. Z: zircon, m: mono-

clinic ZrO
2
, A: corundum.
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value, 45.36) by the pigments applied to glaze. Above 1100oC,

the yield of zircon increased gradually in conjunction with a

decrease in the amount of m-ZrO
2
, the second phase, result-

ing in a further improvement of the yellow color (b* value,

62.01) of the pigments applied to the glaze. 

3.2.2. Phase changes depending on different holding times

In the experiment with various calcination temperatures,

the pigment sample at a holding time of 3 h at 1100oC gave

the best coloring when applied to the glaze. In contrast, the

pigment sample held for 3 h at 900oC showed rapid growth

of the zircon phase. Based on this, a change of the holding

time was attempted at 900oC and 1100oC. First, an experi-

ment with the one-step process involving a change of the

holding time was carried out. The sample with 5% of Pr
6
O

11

added was held at 900oC and 1100oC for 3 h, 18 h and 36 h,

respectively. Following this, an experiment with the two-

step process involving a change of the holding time was car-

ried out. The samples were held at 700oC for 6 h, which are

in the early temperature range at which cristobalite is

formed to react with m-ZrO
2
. Tests were also done at 900oC

and 1100oC for 18 h, respectively. Figs. 6 and 7 illustrate

the changes in the crystalline phases of the pigments and in

the yield of zircon and m-ZrO
2
 according to the changes in

the holding time. It has been reported several times that the

holding time during zircon synthesis is associated with an

increase of the zircon yield.23,24) However, regarding the syn-

thesis of zircon that contains a color developer, the effect of

the holding time on the coloring of the pigment differs

according to the type of included coloring ion. In the case of

Pr-ZrSiO
4
, there are very few available reports concerning a

change of the holding time. Fig. 6 shows that a change of the

holding time has a great effect on the formation of the zircon

crystal and thus on the improvement of the yellow coloring.

Color improvement was more effective when the holding

time was 900oC for 18 h (b* value 66.15) than at 1100oC for

18 h (b* value 56.56). Fig. 7 shows a comparison of the zir-

con yield after the two-step holding process. A higher yield

of nearly 80% at 900oC (b* value 69.29) was gained com-

pared to that at 1100oC (b* value 60.00). This was accompa-

nied by an improvement in the color intensity. 

In the experiment with various holding times, a better

result was obtained with one-step holding than with two-

step holding. That is, when a sample was held at 700oC for

6 h followed by 18 h at 900oC, the zircon yield increased

slightly; however, the coloring became better as the relative

ratio of m-ZrO
2
 decreased. Thus, it was confirmed again

that the relative yield of zircon, the main phase compared to

that of m-ZrO
2
 as the second phase, has an effect on the col-

oring properties. An interpretation of such an improvement

in the coloring is that the maximal reaction was attained by

holding at 700oC as an initial range of temperature. More-

over, growth of the zircon crystal and stabilization of the

inclusion of the Pr ion were attained by holding at 900oC,

the temperature at which zircon grows rapidly. 

3.3. Color properties of pigments

3.3.1. UV-Vis analysis of pigments by different calcination tem-

peratures

The coloring of the pigment synthesized at 500~1100oC

Fig. 7. Zircon and m-ZrO
2
 yields with different holding times at 900oC (a) and 1100oC (b) of the Pr 5% doped ZrSiO

4
 pigments.

Fig. 8. Optical absorption spectrum of a glazed sample with
Pr 5% doped zircon pigments at different calcination
temperatures.
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with 5% of Pr
6
O

11
 added as applied to a glaze was measured

by UV-Vis spectroscopy by means of UV PC optical color

analysis software (Shimazu, P/N 206-67449). The result is

shown in Table 2. The development of color by the pigments

started from 700oC with a very weak tint of yellow. This

indicates that at this temperature, Pr had begun to enter

the crystal structure of m-ZrO
2
, which had reacted with

SiO
2
 at what is considered to be the initial step of the reac-

tion. This temperature is very meaningful because it belongs

to the temperature range above 600oC, at which NaF and

NaCl began to form the melt phase to attack the grains of

the starting materials with Si escaping to become a volatile

species of SiF
4
, thereby initiating the diffusion reaction into

the crystal structure of ZrO
2
.10)

Fig. 8 shows the change in the UV-Vis spectra that

occurred from 800oC, the temperature at which zircon for-

mation begins. The characteristic absorption band of yellow

at 435~480 nm becomes intense, and this is accompanied by

the growth of the zircon phase and the improvement of the

yellow color. The characteristic absorption bands25) of Pr3+ at

440, 470 and 480 nm were also observable from 800oC. An

interpretation of this is that the Pr3+ species was predomi-

nant at 800oC, the temperature at which zircon began to be

crystallized in the early stage of the reaction in the synthe-

sis of ZrSiO
4
 pigments. However, Pr3+ was converted to Pr4+

as the reaction was promoted, thereby affecting the yellow

coloring. It has been reported that the color of Pr3+ outside

the zircon lattice is weak yellow.11) From 900oC, zircon

began to grow rapidly into main phase and the pigments

began to develop a very intense yellow color. Thus, the best

yellow color was obtained at 1100oC with a b* value of

62.01. UV-Vis spectra observations also confirmed that the

absorption bands in the visible range moved to the range of

435~480 nm, the range of the characteristic absorption

bands of yellow, with a remarkable increase in the absorp-

tion in this wavelength range. 

Fig. 9 shows the change in the L* a* and b* values of the UV

data. The color developed by the pigments synthesized at

500~1100oC with the 5% of Pr
6
O

11
 added to them is as fol-

lows when they were applied to the lime-barium glaze. The

pigment synthesized at 500oC develops into a color rather

like that of skin and not yellow. It has not yet undergone

any of the main reactions of pigment synthesis at this stage.

Therefore, it has a relatively high a* value of -0.96. There is

a gradual decrease of the a* value, while the b* value

increases slightly to 19.3 to give a very weak yellow from

700oC. The result of the XRD analysis shows that from 800oC,

when the zircon phase begins to be detected, the b* value

substantially increases to 36.76 to begin to show a yellow

color that is visible to the naked eye. When the zircon phase

rapidly grows at 900oC, the b* value increases further to

45.36, resulting in a remarkable improvement of the yellow

color. At 1100oC, the b* value is 62.01 and shows the most

intense yellow. Fig. 5 shows that the zircon yield was also

highest, at 73% at a temperature of 1100oC. As for the

degree of the yellow color developed by the pigments synthe-

sized at various calcination temperatures, a holding time of

Fig. 9. L*/a*/b* values with different temperatures of the
glazed tiles with synthesized Pr 5% doped zircon pig-
ments.

Fig. 10. L*/a*/b* values with different holding times at 900oC (a), 1100oC (b) of glazed tiles with synthesized Pr 5% doped zir-
con pigments.
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3 h at 1100oC resulted in the best yellow color development

(L*=84.32, a*=-10.03, b*=62.01).

3.3.2. Color changes depending on different holding times

The sample with 5% of Pr
6
O

11
 added to it was subjected to

a synthetic reaction at 900oC and 1100oC for various holding

times. The synthesized pigments were applied to the lime-

barium glaze. The result of the UV-Vis analysis of the speci-

mens is shown in Fig. 10.

When the holding time with the one-step holding process

was 3 h, the yellow color was better at 1100oC (b* value,

62.01) than at 900oC (b* value, 45.36). However, when the

holding time was 18 h, an interesting result was obtained in

that the pigment synthesized at 900oC gave a much better

yellow color (b* value, 66.15). In contrast, when the holding

time was 36 h, there was no significant difference and the

quality of the yellow color worsened. The experiment with

various holding times using the one-step holding process

showed that the most effective holding time for pigment

synthesis was 18 h. Based on the above results, a two-step

holding experiment was carried out at 900oC and 1100oC.

The synthetic condition was 6 h of holding at 700oC, fol-

lowed by 18 h at 900oC and 1100oC. The result showed that

the pigment synthesized at 900oC gave the best and most

intense coloring, with a b* value of 69.29. In this study, the

optimum condition for the synthesis according to calcination

temperature was 1100oC for 3 h. However, the optimum

condition according to holding time was 18 h at 900oC when

using the one-step holding process. In the case of two-step

holding, it was 6 h at 700oC followed by 18 h at 900oC.

The effect of the holding time on the synthesis of Pr-

ZrSiO
4
 pigments was shown to be great. The highest calci-

nation temperature could be lowered by 200oC from 1100oC

to 900oC. In particular, the one-step holding process was

more effective than the two-step process for the improve-

ment of the development of yellow color. Thus, it was shown

that a change in the holding time is a very important pro-

cessing factor in the synthesis of yellow Pr-ZrSiO
4
 pigments.

The production of zircon was maximized by changing the

holding time so that the initial period of reaction was

extended. This was also done for the period at the highest

temperature. In addition, the yellow coloring was maxi-

mized by stabilizing the utilization and inclusion of Pr ions.

The optimum calcination condition for the synthesis of pig-

ments with 5% of Pr
6
O

11
 added to them was 700oC for 6 h

followed 900oC for 18 h. The pigment synthesized under this

condition gave the most intense yellow color when applied

to the glaze (L* 82.60, a* -9.91, b* 69.29).

3.4. FT-IR spectra of pigments

To observe more clearly the change in the oxidation state

of the Pr ion according to the change of the holding time,

FT-IR analysis was carried out. This result is shown in

Fig. 11. Pr
6
O

11
 was used as a standard sample of Pr4+. A

comparative analysis was carried out among the samples of

different holding times at 900oC, as at this temperature,

samples were most sensitive to a change in the holding

time. The longer the holding time, more intense characteris-

tic bands of Pr4+ appeared at 1872, 2110, 2258, 2870 and

3750 cm-1. These characteristic bands of Pr4+ were observed

with sample (b), which underwent a holding time of 18 h at

900oC. The intensity levels of the bands were higher with

sample (c), in which the two-step holding process was uti-

lized. Thus, it is considered that the holding time in the syn-

thesis of Pr-ZrSiO
4
 pigments not only affects the formation

of zircon, but also contributes to the improvement of the yel-

low coloring by converting the oxidation state of the Pr as

included at this stage to 4+. Such an IR analysis result is in

accordance with the fact that sample (C) showed the most

intense yellow coloring (b* value: 69.29) as judged by the

UV analysis of the specimens in which the synthesized pig-

ments were applied to the glaze.

4. Conclusion

The effect of the calcination temperature and the holding

time on the coloring of pigment was investigated for Pr-

ZrSiO
4
 pigment synthesis in a ceramic method using rice

husk ash. 

(1) Pr
6
O

11
 5% doped zircon pigment was synthesized at

900oC using M-ZrO
2
 as a starting material, rice husk ash

(0.56 µm) as silica, Pr
6
O

11
 as a chromophore, and NaX (X=

F,Cl) as a mineralizer. The synthesis of this pigment was

shown to be greatly affected by a change in the holding

time. In this experiment, the optimum condition for the syn-

thesis of an intensive yellow color was found to be a two-

step holding process at 700oC for 6 h, which belongs to the

initial temperature range at which the reaction occurs, fol-

lowed by 900oC for 18 h, the temperature at which zircon

grows.

(2) The valence of praseodymium, which is responsible for

the initiation of coloring, was 3+ at 800oC, the temperature

at which zircon began to be formed. However, it was con-

Fig. 11. Infrared spectra of the glazed tiles with synthesized
Pr

 
5% doped zircon pigments according to different

holding times at 900oC.



404 Journal of the Korean Ceramic Society - Kyu-Ri Pyon and Byung-Ha Lee Vol. 46, No. 4

verted to 4+ when the calcination temperature was held to

900oC, the temperature at which zircon grows rapidly. The

valence of the Pr involved in the improvement of the yellow

coloring in this research was considered to be tetravalent.

(3) Using rice husk ash, Pr
6
O

11
 5% doped zircon yellow

pigment was successfully synthesized at 900oC. When this

pigment was applied to lime-barium glaze at 10%, the glaze

gave a very intense yellow color with high chroma values

(L* 82.60, a* -9.91, b* 69.2). 
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