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4. THE ROLE SULPHUR PLAYS IN THE FORMATION OF ULTRAMARINE BLUE 
 

4.1. Introduction 
 

Ultramarine Blue, a strong blue pigment, could be described, in a simplified way, as a 

zeolite-type structure that occluded a polysulphide anion radical, S2
-• and S3

-•, thereby 

stabilising the radical. The S3
-• and S2

-• were stable in the aluminosilicate framework,1 

and the quality of the synthesised pigment depended on the quality, that is defect- 

free, aluminosilicate framework.2 The main building block of this aluminosilicate 

framework was the β-cage, consisting of twelve alumina or silica tetrahedra linked to 

each other to form six- and four-membered rings of tetrahedra in a cage formation 

(Figure 4-1). According to Deer, Howie and Zussman3 the sodalite group consisted of 

sodalite, Na8[Al6Si6O24]Cl2; Nosean,  Na8[Al6Si6O24]SO4; and Haüyne, 

(Na,Ca)4-8[Al6Si6O24](SO4,S)1-2. Based on powder X-ray diffraction results Jaeger4 

concluded that there was a fixed aluminosilicate periodic framework for the 

ultramarine species and that the other components, for example sodium and sulphur 

were wandering, statistically distributed atoms. X-ray diffraction patterns, therefore, 

were dependent on the fixed framework structure. They were not greatly influenced 

by the wandering constituents. This explained why so many different ultramarine 

species yielded similar X-ray diffraction patterns (Section 3-3).4 This fixed framework 

was cubic, and closer to nosean than to sodalite,4 a notion supported by the work of 

Weller and others.5 

 

Ultramarine species had similar properties to zeolites, for example the sodium cation 

could be exchanged for several other cations, for example Ag, K, Rb, Cs, Li, Mg, Ca, 

Sr, Ba, Tl, and Pb.4 The selenium and tellurium ultramarine analogs were also 

known.4,6-8 
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Figure 4-1: POV-Ray9 images of AM1 force field10-generated β-cages 
 

The industrial process for the manufacture of ultramarine blue4,11-13 involved the 

activation of kaolinite, also known as Chinese clay, at approximately 700 ºC. The 

activation destabilizes the clay by removing the adsorbed water and the hydroxyl 

groups. The activated clay was mixed with a sodium salt (usually sodium carbonate 

or sodium sulphate) and sulphur, in the form of elemental sulphur, sodium sulphide 

or sodium polysulphides. A carbon-based reducing agent, for example coal, rosin, or 

colophony was added. The raw materials were intimately mixed and milled to a 

desired fineness. This was placed in a crucible of low permeability, to ensure that the 

reagents were not in contact with the reaction gases in the furnace. The crucible was 

placed in a furnace. A crucible with a diameter of 22 cm delivered the best results. 

Individual crucibles allow the consistent heating of the reagent mix. The product 

depends on the thermal energy added to the reagents. Overheating and 

underheating led to a heterogeneous product. The filled crucibles were heated to a 

temperature of approximately 750 ºC and maintained at that temperature for 

8 to 48 hours. This concluded the reduction phase of the ultramarine blue synthesis. 

The product at this stage was known as primary ultramarine blue and had a green 

colour - ultramarine green. The furnace and contents were then allowed to cool 
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slowly. Air was allowed into the furnace. The green primary ultramarine was oxidized 

to the desired blue ultramarine blue. This slow cooling and oxidation could take place 

over several weeks. Alternatively, this second step could be performed in a different 

open crucible at an optimal temperature of between 400 and 550 ºC. The oxidising 

step involved the loss of between one seventh and one eighth of the sodium atoms. 

Some sodium sulphate is formed in the process. The final product contained 

approximately 10 % combined sulphur.4,11-13 

 

An over-oxidized reaction mix had a white or greyish colour. The problem of over-

oxidizing the exterior of the reaction cake and under-oxidising the interior of the 

reaction cake led to many alterations in the method of manufacturing ultramarine 

blue.12 Gessler and Kumins14 suggested that the simultaneous synthesis of the 

zeolite-type aluminosilicate framework and formation of the chromophore species 

was detrimental to both the oxidation and reduction steps in the ultramarine blue 

synthesis, because the result was "hard, fused masses". They14 stated that "[a]t this 

high temperature of formation of the zeolite the structure is compacted and less 

susceptible to the entrance of the rather large polysulphide linkage into the crystal 

lattice. The polysulphide formation is an equilibrium reaction and excess sulfur is 

required for the formation of the desirable higher polysulfides, Na2S3, Na2S4 etc. 

Under the high temperature conditions of the operation required for the reduction of 

sodium carbonate and/or sodium sulfate, these higher content polysulphides may not 

form, due to loss of sulfur by volatilization."14 Gessler and Kumins14 first synthesized 

the zeolite species by wet precipitation at 60 ºC, and then incorporated the sulphur 

species into the zeolite framework at high temperature, preferably between 750 ºC 

and 850 ºC, with the exclusion of air and preferably in the presence of hydrogen 

sulphide gas. They14 also believed that the polysulphides could be formed in situ by 

the incorporation of monosulphide into the zeolite crystal lattice. This monosulphide 

reacted with additional sulphur, and so incrementally incorporated the polysulphide 

chain into the structure.14 Gobeltz-Hautecoeur and others15 supported the 

monosulphide hypothesis, based on electron paramagnetic resonance and Raman 

spectroscopic evidence. 
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The relative formation of the aluminosilicate framework and the formation of the 

chromophores were studied in the current work. Scanning electron microscopy 

allowed one to look at the microscopic structure of the solid particles. Changes in 

microscopic structure of starting reagents indicated reaction progress. 

 

Reinen and Lindner16 reviewed the state of knowledge on ultramarine pigments. 

They16 were of the opinion that the sulphur "radicals have to be generated 

simultaneously with the formation of the zeolitic cages in the synthesis procedure, 

because the latter are impermeable for the colour centres."16 In my opinion, this 

statement was unjustified, and was researched in literature. 

 

4.2. Synthesis 
 

Fly ash was heated to 1 000 ºC (Fa1000), and kept at this temperature for twenty-

four hours. This was done to establish the effect of heating on the microscopic 

structure of fly ash (Fa). 

 

Fly ash (4 g) and sodium carbonate (4 g) (FaNa50) were intimately mixed in an agate 

mortar, and reacted in an alumina crucible at 860 ºC, for twenty-four hours. This was 

followed by the slow cooling of the products, to ensure maximum crystallinity. The 

effect of sodium carbonate on the microscopic structure of fly ash could thereby be 

determined. Ultramarine blue (UMB) was successfully synthesized from fly ash, as 

described in Chapter 3. 

 

4.3. Results 
 

Fly ash had a predominantly spherical microscopic structure (Figure 1-1). The 

micrographs were similar to those in literature. 17,18-50 Quantitative work by energy 

dispersive X-ray analysis evidenced the heterogeneous nature of the fly ash 

particles17,41-50 (Table 4-1). Ferrospheres, particles rich in iron, existed in fly ash. This 

was a prime example of the heterogeneous nature of fly ash (Sample Fa II in Table 

4-1).24 Energy dispersive analysis data (Table 4-1) indicated that the sodium 

carbonate reacted with the fly ash in the intended ratios. The data for UMB III in 

Table 4-1 were collected on a regularly shaped crystal and indicated that the 
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compositions were reconcilable with the composition of ultramarine blue, and was not 

a sodium sulphate crystal. 

 

Table 4-1: EDX-Data for the samples in the step-wise study of the formation of 
ultramarine bluea 
 

 Fa 
I 

Fab 
II 

Fa1000 
I 

Fa1000
II 

FaNa50
I 

FaNa50
II 

UMB 
I 

UMB 
II 

UMB 
III 

UMB2
I 

UMB2 
II 

Na 0.4(2) 0.4(3) 0.31(8) 0 31.5(4) 30.1(3) 20.6(3) 26.4(3) 17.9(3) 15.5(3) 12.0(3)
Al 31.0(4) 16.8(5) 36.6(4) 30.9(5) 21.0(4) 21.3(3) 20.5(4) 14.0(3) 21.0(3) 19.0(3) 18.9(3)
Si 51.5(6) 18.8(5) 53.4(5) 50.4(7) 32.4(5) 35.6(3) 30.0(5) 18.3(3) 33.0(4) 28.3(4) 27.7(4)
S 0 0 0 0 0 0 22.1(5) 34.7(4) 24.5(4) 31.1(4) 29.6(5)

a. The data represent the element mass % determined by fitting the X-ray dispersion spectrum 
and the uncertainty in the measurement, that is 15.9(7) implies 15.9 ± 0.7 mass %. Fa 
connotes fly ash, Fa1000 connotes Fa treated at 1 000 °C, FaNa 50 connotes Fly Ash 
treated with sodium carbonate at 860 °C, UMB and UMB2 represent two different sets of 
ultramarine products. 

b. The particle was rich in iron, see text. 

 

The X-ray diffraction pattern of fly ash was characterised by a large amorphous halo, 

indicating that fly ash consisted predominantly of a glassy phase. The crystalline 

material in fly ash was characterised as mullite with some quartz being present17,51 

(Figure 4-2a). Some anorthite was also present.52 
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Figure 4-2: X-ray diffraction patterns of a) fly ash, b) fly ash treated at 1 000 °C, 
c) fly ash treated with sodium carbonate at 860 °C, d) ultramarine product;  
A: anorthite, C: cristobalite, M: mullite, Q: quartz, UMB: ultramarine product 
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Upon heating fly ash, the scanning electron micrographs changed only slightly28,29 

(Figure 4-3). The X-ray diffraction patterns indicated the formation of some 

cristobalite (Figure 4-2b).29 

 

 

Figure 4-3: The predominantly spherical microscopic structure of fly ash was 
intact after treatment at 1 000 °C 
 

Scanning electron microscopy indicated that the reaction between fly ash and sodium 

carbonate did not change the microscopic structure of fly ash significantly 

(Figure 4-4). However, some melted species were present. Needles observed on the 

spherical particles indicated the formation of sodium rich aluminosilicates 

(Figure 4-4). However, these needles were only visible in the secondary electron 

images and not in the backscattered images. Therefore, no quantitation could be 

done, to establish experimentally the nature of these needles (Figure 4-4). Fly ash 

hydrothermally treated with sodium hydroxide also showed the needles, and 

evidenced the formation of zeolite Na-P1 according to Woolard and others.53 These 

needles probably formed because the glass phase reacted first, and the crystalline 

phases only reacted later. The crystalline particles of the fly ash did not react and 
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formed spherical templates for the crystal growth. The glass-mullite-quartz structure 

of fly ash changed to a sodium aluminosilicate described as (Na2O)0.33NaAlSiO4 

structure (Figure 4-2c). 

 

 

Figure 4-4: The microscopic structure of fly ash treated with sodium carbonate 
at 860 °C was characterised by needle shapes crystals growing from the 
spherically shaped particles 
 

When sulphur was added to the mix, the microscopic structure changed (Figure 4-5), 

and ultramarine blue was produced (Figure 4-2d).  
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Figure 4-5: The microscopic structure of the ultramarine product showing that 
the spherical shape of the fly ash particles was lost and that the regular shape 
of zeolite-type material was formed 
 

4.4. Discussion 
 

The composition of sulphur in the liquid and vapour phase was very complex. 

Sulphur melted at a temperature of between 106 and 133 ºC.54,55,56 Sulphur 

polymerised at approximately 159 ºC.54-56 The boiling point was accepted to be 444.6 

ºC.54-56 As the temperature rose, the composition of the sulphur liquid and vapour 

changed, and the smaller molecular mass allotropes increased their contribution to 

the composition.57 The characteristics of sulphur at high temperature might have had 

an influence on the aluminosilicate structure that formed at high temperature. 
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Zeolites formed from fly ash had scanning electron micrographs that were similar to 

those observed for the synthesized ultramarine species.31,53,58,59 This zeolite 

microscopic structure was not observed when fly ash was heated or reacted with 

sodium carbonate. The conclusion was that the sulphur had a structure-directing 
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effect on the aluminosilicate building blocks provided by the fly ash. This implied that 

the three-dimensional structure, β-cages (Figure 4-1), did not only stabilize the 

polysulphide, but was formed by the sulphur. This might be related to a fluxing effect 

in the molten polysulphides. On the other hand, the polysulphides might direct the 

structure of sodium counterions and the accompanying aluminosilicate framework in 

such a way as to stabilize the radical species. Kowalak and Pawłowska60 stated that 

when zeolites A, X, and Y impregnated with sulphur radical precursors were heated 

to above 700 °C, the zeolite structures were transformed to the sodalite structure.60 

They60 believed that the sulphur had a structure-directing effect.60 Gorshtein61 

promoted the formation of the aluminosilicate framework around the polysulphide 

species. The same structure-directing effect was observed in the case of fly ash and 

sulphur. 

 

Returning to the issue of whether sulphur species could enter the aluminosilicate 

framework after the framework was formed, the following evidence to the contrary 

was offered. McLaughlan and Marshall62 hydrothermally synthesised sulphur-doped 

sodalite crystals, by adding the sulphur to the sodalite cage after the formation of the 

cage. They62 claimed that Na2S•H2O was less successful in imparting colour to the 

sodalite crystals. The addition of Na2S4 led to a blue product, when concentrated.62 

Prener and Ward63 showed that the polysulphide could be added to the sodalite 

structure after the β-cages were formed.63 Gobeltz and others,1 and Jaeger4 also 

observed this trend. Gobeltz and others1 emphasized that the polysulphides not only 

entered the sodalite structure before the oxidation process while the sodalite 

structure was formed, in accordance with results by Tarling and others,64 but also 

after the formation of the sodalite structure.1 Treating hydroxysodalite with 

ammonium polysulphide, (NH4)2S6 led to the formation of ultramarine blue type 

products.64 This demonstrates that the chromophore could be incorporated into the 

sodalite structure after the formation of the aluminosilicate framework. Reacting 

zeolite X and Y with ammonium polysulphide did not lead to a stable blue colour at 

room temperature.60 This showed that the specific aluminosilicate structure needed 

to be available to stabilize the sulphur radicals. The incorporation of the ultramarine 

chromophore into an already formed zeolitic aluminosilicate framework was 

supported by the work of Gessler and Kumins.14 A softer ultramarine product was 
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produced when the clay was calcined to remove constitutional water and then treated 

in a solution of 10 % NaOH or 10 % LiOH.65 The resulting aluminosilicate was 

washed free of excess hydroxides and was found to have ion exchange properties.65 

This new aluminosilicate was then used in the place of the clay and some of the 

sodium species in the usual raw mix. If the above evidence was taken into account60 

this new aluminosilicate probably had a structure close to the desired zeolite-type 

structure. This was a further indication that the chromophores can be incorporated 

into the aluminosilicate framework after the framework was formed. 

 

4.5. Conclusion 
 

A comparison of the scanning electron micrographs of fly ash, fly ash treated at  

1 000 °C, fly ash reacted with sodium carbonate at 860 °C and the ultramarine 

products formed from fly ash showed that sulphur was responsible for the formation 

of the specific zeolite-type aluminosilicate framework observed in ultramarine 

pigments. Sulphur, therefore, had a structure directing effect. Literature reports that 

the sulphur was only incorporated into the ultramarine structure during the formation 

of ultramarine blue were refuted by other literature references. 
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