
Introduction

As the above indicates, it is important to deal with 
waste, where for the purposes of this article the focus is on 
fly ash created during the incineration of municipal waste. 
Currently, there are two basic technological approaches 
for processing fly ash: the first by solidification and the 
second by stabilization – each representing different types 
of physico-chemical waste treatment [2]. Both approaches 
belong to environmental technologies and can be applied 
to remove a wide range of hazardous wastes, in both solid 
and liquid forms. Such treatment is used to achieve the 
following:
• Reduced mobility and solubility of pollutants.
• Reduced toxicity and ecotoxicity of waste.

•  Enabling more secure handling and transportation of 
waste by improving the physical properties of waste 
(formation of a solid matrix).

•  Reduce waste surface area, thereby reducing the 
possibility of an environmental leak.

Fly-ash is the unwanted byproduct of the waste 
incineration process, released during burning and 
captured by filters. Considering that ash resulting from 
the waste incineration process classified as hazardous 
waste according to act No. 129/2004 of the Ministry of 
Environment of the Slovak Republic, it is necessary to 
address appropriate methods of handling fly ash. The 
environmental legislation of the European Union also 
makes the rules for fly ash export much more restrictive, 
especially with regard to its export to landfills, increasing 
also the fees for disposal of this hazardous waste. 
Organizations are therefore forced to apply appropriate 
technologies for the treatment of fly ash [3]. 
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Abstract

As current trends indicate, the amount of waste materials from production processes and from general 
consumption is rapidly increasing everywhere. Such wastes include solid, liquid, and gaseous elements 
representing all industrial sectors as well as different waste types of any kind. On the one hand there is an 
increasing shortage of certain raw materials, and on the other hand the ever-present danger associated with 
handling various hazardous wastes. Therefore, one can assume with great certainty that more sophisticated 
and more effective utilization of wastes will define the future orientation of material and energy management 
[1].
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Material and Methods

Solidification/stabilization is a term that covers 
a range of technologies and processes involving the 
use of additives and binders to eliminate the extent of 
contaminated sites (Fig. 1). The priorities of solidification/
stabilization methods for toxic waste involve [4-5]:
•  Limiting the portability and solubility of waste.
•  Reducing the toxicity of waste and their impact on the 

environment.
•  Changing the physical characteristics of waste and 

facilitating better handling of hazardous waste.
•  Preventing a leak of toxic substances into the 

environment.
Solidification is the process of physical change and 

amalgamation of contaminated materials into a single, 
mechanically resistant material with limited permeability 
of the structure. This change, however, does not affect the 
chemical properties. During the process of solidification, 
conversion occurs to change the powder and liquid 
waste into a solid form. This creates barriers that reduce 
the possibility of toxic substances leaking into the 
environment. The solidification technologies used for this 
purpose are: cementation, bituminisation, vitrification, 
and fixation into appropriate materials.

Stabilization is a process in which a chemical bond 
occurs, binding pollutants into a stable form with 
highly reduced solubility. This process may not affect 
the physical properties of the polluted material. The 
stabilization process aims to transform the pollutants into 
a chemically and physically stable form in order to isolate 
the toxic substances from the environment. It is necessary 
to mix the pollutant material with a binding medium or 
with other supporting chemical agents (additives). The 
most commonly used additives are cement, fly ash, and 
metallurgical slag. Within the stabilization process a 
number of chemical reactions occur, where the resulting 
substrate is solidified and much less prone to leakage [6].

In common everyday practice, a company can 
utilize the cementation process to homogenize the toxic 
waste with cement at regular temperatures. This type of 
solidification is used for organic materials such as fly ash 
from the incineration of municipal waste. The binding 

medium used for this purpose includes portland cement, 
old-portland cement, and quick-binding cement [7].

Results and Discussion

The main advantage of utilizing cementation is the low 
cost, and the disadvantage is the relatively large volume of 
the compacted product. During the research phase it was 
necessary to determine a suitable mixture composition 
and to identify the optimal ratio between the fly ash and 
cement. By identifying a suitable ratio, it was possible to 
achieve a sufficiently homogenized mixture ad to meet 
the statutory legislation limits for storage of stabilized 
pollutants landfill, considering both the convenience and 
the costs. For that reason several mixture ratios were 
tested:
1. 5% cement and 95% fly ash.
2. 10% cement and 90% fly ash.
3. 25% cement and 75% fly ash.
4. 90% cement and 10% fly ash.

Based on the laboratory analyses results considering 
the respective rations it was necessary to establish a 
set of constraints (Eqs 1-4). To establish the said set of 
constraints a graphic optimization solution was used. 
The target function is represented by limit for a particular 
chemical (in Eq. 5). 

The main task was to find a suitable mixture ratio of 
cement and fly ash, to maintain minimal financial costs, 
and to maintain lower concentrations of chlorides than the 
limit value of 1,500 mg.l-1. Therefore, it was necessary to 
calculate the coordinates of lines to determine the optimal 
graphic solution (Fig. 2). Based on the proportions of fly 
ash and cement, the coordinate lines are calculated for 
chlorides. The coordinates in Table 1 define the lines in 
a standard X-Y system. The intersections of these lines 
define the polygon area of a graphic optimal solution. The 
coordinates of polygon apexes for the area of an optimal 
solution are shown in Table 2.  

The following set of constraints presents mixture 
ratios:

95. x1 + 5. x2 ≥ value of given 
chemicals from laboratory analysis

(1)

90. x1 + 10. x2 ≥ value of given 
chemicals from laboratory analysis

(2)

75. x1 + 25. x2 ≥ value of given 
chemicals from laboratory analysis

(3)

90. x1 + 10. x2 ≥ value of given 
chemicals from laboratory analysis

(4)
Fig. 1. Solidification / stabilization unit.
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Target function: x1 + x2 ≤ limit value
(5)

The last mixture ratio is not adequate, considering the 
effectiveness and the steep financial costs. 

Since the chlorides of metals and non-metal in a higher 
oxidation state are fusible and volatile substances, they 
often decompose in water. In accordance with Decree No. 
283/2001 of the Ministry of Environment of the Slovak 
Republic, the limit value for chloride is 1,500 mg.l-1. The 
decree defines the limit values for individual heavy metals 
concentrations for each landfill type, which must not be 
exceeded. 

Conclusions

The extreme objective function for chlorides is point 
B, which is the intersection of lines 3 and 4. The minimum 
value of chlorides is represented by two conditions, 
namely:
1. 25% ratio of cement and 75% ratio of fly ash.
2. 90% ratio of cement and 10% ratio of fly ash.

The resulting ratio for chloride is located in the 
recommended field, which also presents the values in 
Table 3. After calculating the relevant ratios by the price of 
cement (80 EUR.t-1) and the price of fly ash (22 EUR.t-1), 
the least favorable in terms of financial cost is the ratio of 
90% cement and 10% fly ash (Table 4). 

Considering the aspect of binding chemicals during 
the process of stabilization, the most significant hurdle is 
represented by chlorides, which shows enhanced values. 
The main causes for the elevated values are salts, which 
are added to the recipe, and which make it more difficult 
to reduce chlorides. Fig. 2 shows that the limit of chlorides 
was exceeded only in certain cases.

To find the optimal ratio of fly ash and cement  
it is necessary to take into account the financial costs.  
The optimum ratio of 75% fly ash and 25% cement 
was found on the basis of performed interpolation  
and of graphical linear optimization. This ratio should  
also ensure that the chlorides, which for treatment of  
fly ash are the biggest problem, are below legal 
limits using this ratio. Chlorides are in fact resistant 
to solidification and also confirm the finding that the  
formula for solidification of fly ash contains salts [7]. 
Results of graphical solutions of the linear optimiza- 
tion show that other chemicals used for fly ash stabiliza-
tion are far below the specified legislative limits and do 
not pose a problem.
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Table 1. Coordinates of lines (chlorides).

Table 3. Chloride values.

Table 4. Processing costs per unit.

Table 2. Coordinates of the polygon apexes for chlorides.

x1 x2

Line 1 10,406 547
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Line 4 50 453

Limit 1,500 1,500
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B 7 389
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95% fly ash 90% fly ash 75% fly ash 10% fly ash

25 Eur.t-1 28 Eur.t-1 37 Eur.t-1 74 Eur.t-1
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