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Zeolite A was synthesized using the coal ash from Siderópolis/RS - Brazil. The synthesis was based 
on a standard IZA synthesis using coal ash as the Si and Al source. XRF analysis showed that the coal 
ash has a Si/Al ratio of 1.52, which is close to the Si/Al ratio required to produce zeolite A (1.0). The 
synthesized materials were analyzed by XRD, SEM and N

2
 adsorption. More crystalline materials 

were obtained during synthesis when an additional treatment was applied at a temperature of 353 K 
at the dissolution of NaOH step. The product formed after 4 hours was the most crystalline, but even 
the product formed after 1 hour proved to be better than that formed using the standard 4 hours IZA 
synthesis. The zeolites synthesized by this method had an adsorption capacity of 120 mg.g–1 for Ca2+, 
half the capacity of commercial zeolite A (300 mg.g–1). It was not possible to obtain blue or green 
pigments using the synthesized zeolite A.
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1.	 Introduction
Energy production by the combustion of coal generates 

by-products containing fly ash. According to Fungaro and 
Silva1, in pulverized coal boilers, over three quarters of 
the ash produced is light enough to be dragged along with 
the combustion gases. The remaining fly ash is dense and 
remains at the bottom of the boiler, merging into larger 
particles referred to as bottom or residual ash. Fly ash 
is generally captured by retention equipment such as an 
electrostatic precipitator.

Due to its composition (approximately 50 and 30%wt. 
of silicon oxide and aluminum), the fly ash can be used as 
raw materials for the synthesis of zeolites. Different studies 
have used the ash from burned coal as a source of silicon 
and aluminum for the synthesis of pure phase zeolites or 
mixtures of materials. The synthesis of NaP1 zeolites by 
the hydrothermal treatment of ashes have shown good 
results for the adsorption of heavy metals2. The synthesis 
of Na-A and Na-X have used hydrothermal treatments3 
and are associated with alkaline ash fusion4. Yaping et al. 
(2008)5 synthesized three different materials, Na-A, Na-X 
and NaP1, by alkaline fusion with sodium carbonate, 
desilification and a hydrothermal process. This synthesis 
was facilitated by the addition of a structure-driving agent 

of zeolite crystals of the desired phase. The fusion method 
contributes to the formation of more crystalline and higher 
purity zeolites due to facilitation of the dissolution of Si 
and Al present in the ash4. The zeolite P and zeolite X 
synthesized using hydrothermal treatments may show high 
cation exchange capacities6. The zeolite A and faujasites 
obtained by the conversion of the coal ash present an ion 
exchange capacity for Cs+ ions of 19% (zeolite A) and 39% 
(zeolite faujasite), in relation to commercial zeolites that 
present greater ion exchange capacity7. Some authors8,9 have 
reported the synthesis of ZSM-5 from rice hull ash. Along 
with applications in toxic waste recycling, the materials 
synthesized can be used for the adsorption of heavy metals2,10 
and the removal of organic compounds11.

It can be observed from the literature that it is possible to 
synthesize different zeolite materials from natural materials 
or industrial residues, but all processes employ high 
quantities of NaOH and high temperatures (alkaline fusion 
method). These processes are high-cost and sometimes 
irreproducible.

To reduce temperatures and the amount of reactants 
required, our group has studied a new method for the 
synthesis of Zeolite A that employs clays as raw materials. 
This synthesis was made by modifying the standard IZA 
procedure and does not use alkaline fusion12.
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The objective of this work is to study this new synthetic 
method for the production of zeolite A using a coal ash from 
Brazil as the source of silicon and aluminum and to test the 
resulting materials in adsorption experiments and in the 
formulation of pigments.Experimental Procedure

The coal ash used in this study was of fly ash and obtained 
by burning coal mined from Siderópolis/RS - Brazil. The 
burning was performed in an oven (FORNITEC) at a 
temperature of 973 K for 6 hours using a sample of coal with 
particle diameters from 150 to 300 micrometers.

1.1.	 Zeolite A synthesis

Zeolite A was synthesized by the standard IZA method 
with extra heating to facilitate the dissolution of Al and Si in 
the sample (coal ash)13,14. The reagents used in the synthesis 
are described in Table 1.

In each synthesis, 3.9 g of coal ash were used replacing 
the SiO

2, 
also 1.9 g of sodium aluminate were added in the 

synthesis to adjust the Si/Al ratio. In the third step of the 
synthesis (Table 1), a reaction time of 2 hours at temperature 
of 353 K was used. The time of crystallization was also 
studied over 1, 3 and 4 hours.

1.2.	 Pigment synthesis

Pigments were synthesized according to the following 
methodology: to 1 g of zeolite A was added 0,5 g of Na

2
CO

3
 

and 1 g sulfur. This mixture was then melted at 773 K for 
20 hours. Subsequently, the solid was washed with distilled 
water to remove any excess sulfur and dried at 373 K15.

1.3.	 Calcium adsorption tests

Ca2+ adsorption tests were performed using calcium 
chloride solutions at different concentrations varying from 
500 to 3000 mg.L–1 at 298 K for 1 hour with stirring. A 
commercial sample of zeolite A and a highly crystalline 
synthesized sample were evaluated. The Ca2+ quantification 
was accomplished on a Varian Atomic Absorption 
Spectrophotometer - model AA. All samples were previously 
in Na form.

1.4.	 Materials characterization
X-ray (powder) diffraction (XRD) patterns of different 

zeolite materials and coal ashes were obtained using a 
Siemens model D5000 diffractometer with a Ni-filter and Cu 
Kα radiation (λ = 1.54 Å). Chemical analysis was performed 
by X ray fluorescence spectroscopy using a Philips – PW 
148D. Electron microscopy analysis was performed on 
a JEOL JSM 6060 scanning electron microscope with a 
20 kV acceleration voltage at varying magnifications. BET 

specific surface area analysis was performed by nitrogen 
adsorption using a QuantaChrome NovaWin 2. For this 
analysis, 100 mg of the samples were pretreated at 573 K 
for 3 hours under vacuum.

2.	 Results and Discussion

2.1.	 Coal ash characterization
Elemental analysis by XRF (Table 2) showed that the 

coal ash has high quantities of Al
2
O

3
 and SiO

2
, indicating 

that it is a good source of Al and Si for the zeolite synthesis. 
It should be noted that the presence of cations may influence 
the composition and structure of the synthesized material, 
examples may include Ca, K, Fe and Mg. The Ca, K and Mg 
(exchangeable cations) may interfere with the pore diameter 
and surface area of zeolite A12. We observed the presence of 
titanium oxides and sulfur that can remain in the synthesized 
materials; these impurities may induce to undesired reactions 
when the materials are used in catalysis. The presence of 
heavy metals was not observed in the coal ash.

The molar ratio of Si/Al from the coal ash obtained 
from Siderópolis is 1.52, as calculated by XRF. According 
to Gianetto et al.13 the synthesis of zeolite A proceeds best 
with a mole ratio of Si/Al of 1, so it is necessary to add 
aluminum (sodium aluminate) to the synthesis mixture.

Figure  1 shows XRD patterns of the coal ash from 
Siderópolis. The mineral analysis shows the presence of 
crystalline quartz, alkali feldspar, illite and hematite. These 
materials may all influence the zeolite synthesis.

2.2.	 Zeolite A synthesis
Figure 2 illustrates XRD patterns and micrographs of 

materials synthesized by the standard IZA method with 
(a) and without (b) temperature treatments. Peaks typical 
of A zeolite A can be found in both samples (2θ = 7.1o, 
10.1o, 12.4o, 16.1o, 21.4o, 27.1o, 29.9o and 34.1o). Figure 2b 
shows the results for the product obtained by the standard 
IZA synthesis. The presence of peaks with low intensity 
can be considered an indication of low crystallinity in the 
corresponding material. The presence of quartz can be 
observed at 2θ = 20.9o, 26.6o and 36.5o, indicating that the 
original quartz present in the coal ash did not react during 
the formation of the zeolite. The reflexions in 2θ = 8.8o, 
17.6o, 19.7o (Illite) and 33.1o (hematite) belong to the starting 
material, and the alkali feldspar was the only part of the 
precursor not observed in the synthesis product.

Table 1. Synthetic procedure.

Steps Quantities and reactants employed

01 40 g H
2
O + 0.3615 g NaOH (divide into V1 and V2)

02
V1  +  4.129 g sodium aluminate (partly replaced by 
coal ash)

03
V2 + 2.235 g SiO

2
  (substituted by the coal ash)  + 2.92 g 

NaOH + 3.29 g H
2
O

04 Quickly add V1 into V2 together, mix until homogenized

05 Crystallization at a constant temperature of 373 K

Table  2. Chemical analysis data by XRF of the coal ash from 
Siderópolis.

Compound wt%

Al
2
O

3
32.1

SiO
2

57.7

K
2
O 3.8

Fe
2
O

3
3.7

MgO 0.5

SO
3

0.9

CaO 0.7

TiO
2

0.5
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Figure 1. XRD diffractogram of coal ash from Siderópolis.

As shown in Figure  2a, the use of temperature in 
step  3  of the synthesis leads to the formation of more 
crystalline materials. The peaks related to zeolite A are more 
intense, indicating that this variation in the synthetic method 
provides greater dissolution of the Si and Al present in the 
coal ash as required for the zeolite synthesis.

Some authors have employed different treatments 
using higher concentrations of NaOH, temperature14,15 or 
pretreatment by alkaline fusion3,4 to facilitate the dissolution 
of the Si and Al oxides present. The concentration of NaOH 
was approximately 3.3 mol.L–1 in this synthesis. The solid: 
liquid ratio (in this case coal ash and NaOH solution) 

Figure 2. XRD diffractogram and SEM micrographs of zeolite A obtained (a) with a 353 K temperature treatment for 2 hours during step 
3 of the synthesis and (b) Standard synthesis.
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influences the dissolution of the materials. Solid: liquid 
ratios smaller than 50 g.L–1 are more favorable for the 
dissolution of materials, as shown by Walek et al.14. In our 
study, the solid:liquid ratio in step 3 of the synthesis was 167 
g.L–1. With the concentration of NaOH and the solid:liquid 
ratio used in this study, increases in the reaction time and 
temperature were necessary to obtain more crystalline 
materials.

During the process of coal ash dissolution, other 
compounds can interfere with the synthetic process, e.g., 
iron in NaOH solutions can form oxides. Due to the partial 
dissolution of the starting material, the formation of zeolite 
crystals was favored on the surfaces of the coal ash particles. 
This can be observed in Figure 2, which shows micrograph 
images for a sample synthesized using the standard method 
at a temperature of 353 K for the dissolution of the coal ash.

In Figure 2 a, the characteristic cubic crystals of zeolite 
A with sizes between 1-1.5 µm can be observed, with the 
presence of other morphologies attributed to the presence 
of an impurity phase (Sodalite). In Figure 2b, the presence 
of crystals corresponding to zeolite A were not identified.

The crystallization time for the method with the addition 
of heat in step 3 was studied. Figure 3 presents the results 
of a crystallization time study for zeolite A over 1, 3 and 
4 hours growth time.

The relative crystallinity of this material was calculated 
by Equation  1. The zeolite obtained at 4 hours was 
considered as a standard for comparison. The diffraction 
angles used were: 2θ = 7.2°, 12.5°, 16.1°, 21.7°, 30° and 
34.2°.

= ×XRD peak intensity of sample% crystallinity 1 00
XRD peak intensity of standard 	

(1)

The crystallinity values obtained for the samples 
crystallized in 1 hour and 3 hours were 68 and 94% 
respectively. The sample synthesized by the standard method 
showed the lowest percentage crystallinity of 37%, when 
compared to the sample synthesized by the method with the 
addition of heat in the third step of synthesis.

The time study showed that with a growth time of 
4 hours, the product formed is more crystalline, and even 
after 1 hour, the product is better than using the standard 
synthesis.

The formation of cubic crystals can be observed in 
Figure 3a. With increasing crystallization time, the crystals 
become more defined and are produced in higher yield 
(Figure  3c). The crystals have an approximate size of 
2.5  µm, which is consistent with zeolites synthesized in 
other studies15.

These synthesized materials have specific surface areas 
(BET method) of 42.58 (ZA 1 hour), 35.57 (ZA 3 hours) 
and 32.35 m2/g–1 (ZA 4 hours). The BET areas found for 
these materials are low but are still higher than the specific 
surface areas found for zeolites following a conventional 
synthesis (NaA) (5 m2/g–1)12. N

2
 adsorption measurements 

are not suitable for measuring the surface area of zeolite A, 
because NaA has limited adsorption capacity for nitrogen 
molecules13 due its pore size. However, this analysis can 
be used as an indication of crystallinity (the areas around 
5 m2/g are indicative of zeolite NaA). The specific surface 
area decreases with increasing synthesis time. This also 
indicates that longer crystallization times contribute to the 
formation of more crystalline materials. Zeolites synthesized 
from one material constituted of different cations (as coal 
ash) may have structures with different pore sizes and thus 
different surface areas.

Figure 3. XRD diffractograms and SEM micrographs of zeolite A synthesized at different times:  (a) 1 hour, (b) 3 hours and (c) 4 hours.
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In this study, no separation of the Si and Al present in the 
ash or in its residue was performed, where this was necessary 
in other works14,15. The ash was used as is in the synthetic 
process, and the product formed contained impurities such 
as illite and quartz from the starting material.

2.3.	 Ca2+ adsorption tests

The zeolite A (ZA 4 hours) synthesized in this study was 
subjected to calcium absorption tests, and these results were 
compared with those of a commercial zeolite. Figure 4 shows 
the Ca2+ adsorption isotherms for both zeolites.

The estimated adsorption capacity was approximately 
300 mg.g–1 for the Ca2+ ion using the commercial zeolite A 
and approximately 120 mg.g–1 for the synthesized zeolite 
A. Both zeolites have favorable adsorption isotherms for 
the adsorption of calcium. The low exchange capacity for 
Ca2+ ions is due to low crystallinity of the materials obtained 
in relation to commercial zeolite. Additionally, the samples 
were previously in Na form and all the cations present could 
be exchange with Ca.

2.4.	 Pigment synthesis

Two zeolite A samples (commercial and synthesized) 
were tested for their use in the production of inorganic 
pigments. One example of these pigments that is 
commercially available is in the blue ultramarine pigments 
that have crystal structures based on the zeolite sodalite - Na. 
The blue color is due to the encapsulation of sulfur by the 
sodalite structure16.  

From the images in Figure 5, a difference in the color 
obtained by the commercial zeolite A in comparison with 
the synthesized zeolite A can be observed, where the 

synthesized zeolites have a grayish beige color. The presence 
of different compounds in the precursor material may make 
the encapsulation of sulfur more difficult, and as a result, 
the desired color was not obtained.

3.	 Conclusion
It is shown that a sub-product of coal ash can be 

converted to zeolite A using a simple synthetic methodology. 
It was necessary to modify the standard IZA synthesis by 
increasing the reaction temperature and time to facilitate 
the dissolution of Al and Si species. While the presence of 
undissolved Si (quartz) was observed, it was still possible to 
synthesize zeolite A, as verified by XRD and SEM analysis.

In Ca2+ ion adsorption tests, the zeolite A synthesized 
under optimal conditions (353 K over a 2 hours reaction 
time) showed approximately half the adsorption capacity 
of commercially available zeolite A. It was not possible 
to obtain blue or green pigments using the synthesized 
zeolite A due to the presence of impurities in the precursor 
material.These results are promising because the coal ash 
was fully utilized during synthesis and no pre-treatment of 
the material was required to facilitate the separation of Si 
and Al. Therefore, the generation of by-products (waste) 
was avoided.
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Figure 4. Adsorption isotherms of Ca2+ for zeolite A.

Figure 5. Images of pigments synthesized from zeolite A.
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