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Abstract
Purpose – Replacing nano-clay for kaolin in ultramarine pigments was investigated. The paper aims to discuss these issues.
Design/methodology/approach – Ultramarine pigments with both kaolin and nano-clay were synthesized by traditional method. For this purpose,
mixing of the raw materials consisted of calcined clay, sulfur, sodium hydroxide and Arabic gum was milled and then calcined at 8008C for 9 h under
controlled atmosphere. The characterization was carried out by X-ray diffraction (XRD), Fourier transform infrared spectroscopy, scanning electron
microscopy (SEM), UV-vis spectroscopy, colorimetery (CIELab method) and dynamic light scattering (DLS) techniques.
Findings – The investigations show that using nano-clay results in richer pigments. XRD results reveal that the ultramarine phase formation is
enhanced by using nano-clay. SEM and DLS results also confirm that the ultramarine pigment synthesized by using nano-clay has smaller particles than
that prepared by kaolin.
Originality/value – In this research, for the first time, nano-clay was substituted for kaolin to synthesized ultramarine pigment.
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Introduction

Ultramarine is anaturalpigment whichhasbeenusedasapigment

since the middle ages (Kowalak et al., 2004). This inorganic

pigment is a lazurite mineral extracted from the lapis lazuli rocks

(Sancho et al., 2008; Pascual et al., 2008; Osticioli et al., 2009)

and is very expensive because of the complexity of the extracting

process (Pascual et al., 2008). The applications of ultramarine

are diverse and include the production of plastics, paints and

powder coatings, printing inks, paper and paper coatings, rubber

and thermoplastic elastomers, latex products, detergents,

cosmetics and soaps, artists’ colors, toys and educational

equipment, leather finishes, powder markers, roofing granules,

synthetic fibers, theatrical paints and blue mattes, cattle salt licks

and white enhancer (Buxbaum and Pfaff, 2005).
The industrial procedure for ultramarine fabrication was

developed in France and Germany in 1828 (Sancho et al.,
2008). Different formulations for the synthesis of ultramarine

can be found in the bibliography (Kowalak et al., 2004, 2006,

2007; Sancho et al., 2008; Buxbaum and Pfaff, 2005;

Landman and de Wall, 2004; Jankowska et al., 2007). Studies

show the following composition range for the synthesis of

ultramarine: Na: 6.3-10, Al: 4.8-6, Si: 6-7.2, O: 24 and S: 1-4.5

(Kowalak et al., 2004, 2006, 2007; Sancho et al., 2008;

Buxbaum and Pfaff, 2005; Landman and de Wall, 2004;

Jankowska et al., 2007).

The structure and nature of ultramarine has been studied by
different researchers (Landman and de Wall, 2004; Clark and

Cobbold, 1978; Bell et al., 1997; Arieli et al., 2004).

Ultramarine has the sodalite structure, consisting of b-cages
in which different cations such as Ca2þ , Kþ and Naþ as well as

anions such as OH2 , Cl2 , SO42 and Sn2 or even neutral water

molecules can be entrapped (Buxbaum and Pfaff, 2005;
Kowalak et al., 2006). When Naþ is present, the general

composition is Na8-Y[Al62YSi6 þ YO24Sx). The chromophors

in this structure are believed to be radicals S22 , S32 and S42 ,
which result in colors of yellow, blue and red, respectively,

(Landman and de Wall, 2004). Color characterization of

ultramarine was investigated by CIELab (Booth et al., 2003).
Kaolin, feldspar, sodium hydroxide, sulfur and a reducing

agent such as charcoal have been used as the main component for
the synthesis of ultramarine pigment. Some researchers have

replaced kaolin with other materials such as zeolite

(Kowalak et al., 2004) and fly ash (Landman and de Wall, 2004).
In this research, for the first time, nano-clay was substituted

for kaolin, assuming that higher reactivity of nano-clay results

in better colors.

Experimental

Materials and methods

The raw materials used in this work (except kaolin) were of

analytical grade. Nano-clay (molar mass: 258.04 g/mol,

Merck 104440), sodium hydroxide (molar mass: 40 g/mol,
Merck 106467), sulfur (molar mass: 32.06 g/mol, Merck

107983), silica (molar mass: 60.1 g/mol, Hamedan Silica Co.)

and Arabic gum (molar mass: 350,000 g/mol) were used as
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raw materials for the preparation of ultramarine pigments.

The chemical analyses and X-ray diffraction (XRD) patterns

of the calcined clays are given in Table I and Figure 1,

respectively.
To activate the clays, they were calcined at 5508C for 2 h in

an electric furnace. The optimum calcination temperature

was obtained using DTA/TG analysis.
According to Table II, two series of pigments were prepared

using kaolin and nano-clay. In this paper, the pigments

synthesized by kaolin and nano-clay are named KUM and

NCUM, respectively.
Considering the different SiO2/Al2O3 ratios of the kaolin

(1.38) and nano-clay (1.34), the amount of silica in the

formulations was adjusted so that the same proper ratio (1.8)

was obtained in both samples.
Mixing of the raw materials consisted of the calcined clay,

sulfur, sodium hydroxide and Arabic gum (Table II) was

conducted using a planetary fast mill (Model PM200) for 2 h.
The 100 g batches were placed in alumina crucibles. To control

the atmosphere, a lid was placed on the crucibles and sealed

by clay paste. The samples calcined at 8008C for 9 h were

washed with water three times and then dried at 1008C.

Characterization

DTA/TG analysis (Perkin Elmer, heating rate of 108C min21)

was used to investigate thermal behavior of kaolin. The

pigments were characterized by XRD (Jeol JDX-8030,

Cu Ka, 30 mA 40 kV), FTIR (Bruker, Tensor 27), UV-vis

spectroscopy (Rayleigh), colorimetery (CIELab method,

SP64), scanning electron microscopy (SEM) (Cam Scan

MV2300) and dynamic light scattering (DLS, ZS3600,

Malvern) techniques.

Results and discussion

Thermal analysis

Figure 2 shows the DTA/TG results of the kaolin.
As observed, a broad exothermic peak centered at about

3008C is present which can be attributed to the decomposition

of organic compounds. The gradual small weight loss also

confirms it. Another exothermic peak present at about 5008C

also is related to the well known removal of structural water. The

sharp weight loss at this temperature confirms it. Hence, 5008C

temperature was used as an optimized calcination temperature
for enhancing the activation of clays.

Phase analysis

XRD patterns of the KUM and NCUM pigments are given in

Figure 3. The strongest peaks of both samples correspond to

reference code of 01-077-1702. According to standard XRD
card, this code is attributed to sodium aluminum silicate sulfate

sulfide (Al6Na8.56O30.24S2Si6) with mineral name of lazurite.

As mentioned previously, ultramarine is a lazurite mineral

(Sancho et al., 2008; Pascual et al., 2008; Osticioli et al., 2009).

The lazurite characteristic peaks are located at 2u ¼ 13.74

(110), 23.92 (211), and 34.08 (222) as shown in these patterns.

Figure 1 XRD patterns of the calcined clays
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Table I Chemical analysis of the calcined clays

Oxide SiO2 Al2O3 Fe2O3 CaO Na2O K2O MgO TiO2 MnO P2O5 S LOI

Kaolin 57.32 36.49 1.09 0.12 0.03 3.49 0.38 0.041 0.004 0.052 0.002 0.98

Nano-clay 51.92 33.94 0.99 0.13 0.03 3.012 0.35 0.035 0.001 0.051 0.001 9.54
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Comparing the patterns, it can be concluded that using nano-
clay has two obvious results: one, increasing the intensity of

the major peaks and, the other, decreasing the number of

minor phases. In other words, using nano-clay causes a more
crystallized and purer product as a result of its higher activity.

The crystallographic parameters of both samples (measured
with X’Pert HighScore Plus software) were identical and are

given in Table III.
Based on these results, the crystal system recognized for

both pigments will be cubic that is in agreement with

literatures (Osticioli et al., 2009; Booth et al., 2003).

FTIR spectra

Figure 4 shows the FTIR results of the KUM and NCUM

pigments.
Both samples indicate similar peaks at about 3,500 cm21

related to hydroxyl groups of the adsorbed water, a characteristic

of the ultramarine pigments (Pascual et al., 2008). Also, there are
present peaks at 1,000-1,500 cm21, which can be attributed to

the aluminosilicate and sulfate anions (SO4
22) (Kowalak et al.,

2004). These peaks were also reported by some researchers
(Kowalak et al., 2004; Pascual et al., 2008; Smith and Klinshaw,

2009). Of course, the precise identification of the peaks in this

range is complicated due to the overlap of the aluminosilicate and

sulfate structure frequencies. The peaks at 400-1,100 cm21

belong to sodalite structure (Pascual et al., 2008). Sulfur dioxide

has three vibrations at 519, 1,151 and 1,361 cm21, which are not

observed in the current samplesbecause they were washed before

the analysis. The peak related to S32 which is responsible for the

blue color is seen at 582 cm21 (Sancho et al., 2008; Landman

and de Wall, 2004; Clark and Cobbold, 1978). Streching

vibrations of OH, Si-O-Si and SiO4
42 tetrahedrals are appeared

at 3,300-3,400, 800-1,100 and 1,150 cm21, respectively.

UV-vis spectroscopy

The reflection spectra of the pigments are given in Figure 5.

Both samples show a relatively wide reflection centered at

about 470 nm, which can be related to blue color formed as a

result of the presence of S32 radicals. There also exists

another reflection band centered at about 700 nm, which

results in a red tint caused by S22 radicals.
As is observed, the pigment made by nano-clay has lower

reflectance at 700 nm, resulting in a purer blue color.

The optical images of the samples also confirm the

reflectance results (Figure 6).

Figure 2 DTA/TG results of the kaolin

Table II Formulation of the pigments containing kaolin (KUM) and nano-clay (NCUM)

Kaolin Nano-clay Sulfur Arabic gum Silica Sodium hydroxide

KUM 34 – 32 6 8 26

NCUM – 32 32 6 10 26
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Figure 4 FTIR spectra of the KUM and NCUM pigments

Figure 3 XRD patterns of the KUM and NCUM pigments
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Table III The crystallographic parameters of the KUM and NCUM pigments

a (A8) b (A8) c (A8) a (8) b (8) g (8)

9.105 9.105 9.105 90 90 90
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Colorimetery (CIELab method)

Table IV shows the CIE L *a *b * results of the KUM and

NCUM pigments. L * shows brightness, b * shows the color

varying from blue to yellow and a * represents the color

varying from green to red.
A proper way to study the color quality of a pigment is by

chroma (C *) and hue angle (h). C shows the distance from

the origin and is a measure of colorfulness. C * and h are

defined as follows:

C*ab ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ða*Þ2 þ ðb*Þ2

q
ð1Þ

hab ¼ tan21 b*

a*

� �
ð2Þ

Considering a * and b * values, it is observed that the colors
are located in the fourth area in CIEL *a *b * color space.
The high negative b * compared with negative a * indicates
that the S32 radical is more dominant than the S22 which
results in an intense blue color. The sample containing nano-
clay has a higher 2a */2b * ratio, which is a sign of higher
intensity in blue color.

Morphology

The SEM micrographs of the KUM and NCUM pigments
are shown in Figure 7.

Based on our study, few investigations were carried
out on ultramarine pigment microstructure. SEM
micrographs of the prepared pigments show that the sample
synthesized by nano-clay has finer particles than that prepared
by kaolin.

Particle size distribution

Particle size distribution of the KUM and NCUM pigments is
shown in Figure 8.

As shown in this figure, the particle size distribution
of the NCUM pigment is in the range of 250-1,900 nm with
a mean particle size of 950 nm while the average particle size
of the KUM sample is about 1,100 nm. Thus,
DLS results indicate ultramarine synthesized by nano-clay
has smaller particle size that is in agreement with SEM
results. Optimization of calcination time using nano-kaolin
shows even smaller particles size, as will be presented in
future.

The present authors are working on optimization of the
processing conditions. Recent results shows that using
nano-kaolin significantly reduces the synthesis time (will be
submitted soon as a new paper). Also, the effect of nano-kaolin
on calcination time as well as replacement of Na2CO3 instead
of NaOH on properties of the pigments are being studied.

Figure 5 Reflectance spectra of the KUM and NCUM pigments

Figure 6 Optical images of the (a) KUM and (b) NCUM pigments

(a) (b)

Table IV Color characteristics of the KUM and NCUM pigments

Sample L * a * b * C * h

KUM 31.15 20.74 232.41 32.42 271.31

NCUM 23.22 20.81 221.82 21.83 267.89
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Conclusions

Kaolin and nano-clay were used to synthesize blue ultramarine

pigments. The pigments were prepared by calcined clay, sulfur,

sodium hydroxide and Arabic gum under controlled

atmosphere. The investigations showed that using nano-clay

results in richer pigments. XRD results revealed that nano-clay

led to the formation of higher amounts of the ultramarine phase.

SEM and DLS results confirmed that the pigments prepared

using nano-clay has finer particles than those synthesized by

kaolin.
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