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Abstract: The geopolymers are novel class of inorganic polymer materials consist of chains, sheets or networks made of covalently 

bonded mineral molecules. The main precursors of the geopolymers are reactive alumosilicate material and hardener solution. Various 

suitable raw materials are located in Bulgaria. The present paper shows successful examples of geopolymers based on Bulgarian raw 

materials – fly ash, metakaolin, natural zeolite and iron-rich waste from copper industry. The properties and structure of the prepared 

geopolymers greatly depend on the composition and type of the raw material, as well as concentration and type of the activator solution. The 

results show the potential of geopolymers based on Bulgarian raw materials as building materials.  
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1. Introduction 

 Geopolymers are novel class of inorganic materials consist of 

chains or networks of mineral molecules linked with co-valent 

bonds. The geopolymer is an X-ray amorphous material at ambient 

and medium temperature [1]. The geopolymers have also been 

described in the academic literature as „mineral polymers‟, 

„inorganic polymers‟, „inorganic polymer glasses‟, „alkali-bonded 

ceramics‟, and a variety of other terms [2]. First the French scientist 

Joseph Davidovich coined the term „geopolymer” in 1978 when he 

mixed sodium hydroxide and kaolin clay. The actual breakthrough 

was done years later when metakaolin was used for the first time. 

Since then up to nowadays, metakaolin is the most common 

geopolymer precursor [3]. The geopolymers are two component 

system. The main precursor is usually (but not always) 

alumosilicate powder material. The three most common raw 

material classes used in geopolymerization are metakaolin, slags 

and coal fly ashes. In addition to the reactive solid components a 

hardening solution, so called „activator‟, is required to initiate the 

geopolymerisation reaction. The mechanism of geopolymerisation 

is described in several overlapping stages: dissolution of the 

precursor; special equilibrium, gelation, reorganization, 

polymerization and hardening [4]. The main difference between 

Portland cement hardening mechanism is the role of the water. In 

conventional cements the water react with the cement particles and 

the main products of the reaction are hydrates (C-S-H). Other hand, 

in geopolymerisation the water provides workability and ensures the 

contact between the particles. After condensation water is out of the 

structure or stays into the pores. The hardened geopolymer material 

possess properties similar to Portland cement and ceramic products. 

The wide variety of potential application includes: fire-resistant 

materials, thermal insulations, cements, concretes, resins, low-tech 

building materials, low-energy ceramic tiles, refractory and foundry 

items, high-tech composites, radioactive and toxic waste 

immobilization, decorative elements, etc. 

Important characteristics of the raw materials in order to prepare 

geopolymers are: high Si and Al content, and their reactivity - the 

rate of dissolution of the Si and Al in the first stage of geopolymer 

process. The reactivity correlates with the structure– amorphous 

structure more easily dissolves and reorder, while crystalline 

structure stays inert. The reactivity also depends on the size and 

type of the particles, which are important features that govern also 

the rheology of the fresh mixture and water demand. Many raw 

materials and industrial by-products with Bulgarian origin meet the 

criteria above. Kaolin clay deposits are located near Vetovo and 

Kaolinovo. A few years ago Kaolin AD started production of 

calcined clay – metakaolin. Huge deposits of natural zeolite, perlite 

and bentonite are located in East Rhodope Mountain. Additionally, 

vast amount of industrial waste has been generated by local plants 

and metal producers. The biggest copper producer in South-East 

Europe ( Aurubis) is located in Bulgaria. After flotation process fine 

iron-rich tailing remained and disposed in landfills. The former steel 

producing plant Kremikovtsi generated huge amount of blast 

furnace slag. Many thermal power plants are still operating and 

produce fly ashes – TPP Maritsa East, TPP Bobov dol, Brikel, TPP 

Ruse, TPP Sliven, etc. Some of the industrial by-products find 

application mostly in cement industry, road pavement and 

embankments. Still huge amount stay unutilized and disposed in 

landfills. There economic, environmental and social benefits of 

utilization of industrial waste. 

The present paper describes results with geopolymers prepared 

from Bulgarian raw materials – metakaolin, iron-silicate fines, fly 

ash and natural zeolite.  

2. Experimental 

3.1. Method of analysis 

The powder XRD patterns were obtained by Bruker D-2 Phaser 

diffractometer with Bragg-Brentano geometry using a CuKα source. 

SEM images were obtained with different magnification by using 

electron microscope – SEM 515 Philips. 

2.2. Materials 

The metakaolin was provided by Kaolin AD, Bulgaria. The wet 

residue of the material was 0.40% on 45μm. The iron-silicate fines 

are industrial by-product from local copper plant (Aurubis, 

Bulgaria). The iron-rich precursor was dried to constant mass in 

oven at 105oC. Fly-ash class F from TPP Maritsa East 2, Bulgaria. 

The chemical composition of the used precursor is presented in 

table 1. 

Table 1 Chemical composition of the geopolymer precursors 

  SiO2 Al2O3 CaO K2O MgO Fe2O3 Na2O TiO2 MoO3 PbO SO3 
Metakaolin 53.9 43.2 0.15 0.62 0.09 1.14 0.11 0.74 - - 0.014 
Iron-silicate fines[5] 29.34 4.4 2.66 0.71 0.89 58.2 0.58 0.3 0.27 0.37 - 
Fly ash [6] 52.66 23.37 5.75 - 2.75 8.72 - - - - 5.75 
Natural Zeolite 69.4 10.3 3.02 2.72 0.99 0.98 0.39 0.17 - - - 

The activator solutions were prepared by using solid KOH 

pellets, sodium silicate (SiO2/Na2O=3) and tap water. The 

ingredients were mixed by magnetic stirrer and tempered prior 

usage as activator 
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2.3. Geopolymer synthesis 

The geopolymer precursor and activator solution were mixed 

and homogenized with mechanical stirrer for 1 min. The mixtures 

were rested to mature for 5 min, then mixed again for 30 seconds. 

The fresh geopolymer paste was moulded in polypropylene 

cylindrical moulds (50x30mm). The samples are stored in plastic 

bags and cured at laboratory conditions (20oC).  

3. Results and Discussion 

3.1. Geopolymer based on metakaolin 

Five series of geopolymer specimens were prepared. The 

samples were demoulded after 24 hours of curing and placed in 

laboratory conditions (20oC and 65% relative humidity). At 28-th 

day compressive strength was determined by using three specimens 

of each series. The composition and results from compressive 

strength is presented in Table 2. Series MM1 showed maximal 

strength.   

Table 2 Molar composition and compressive strength (28-th day) for 

geopolymers based on metakaolin 

  MM1 MM2 MM3 MM4 MM5 

SiO2/Al2O3 3.55 3.55 3.55 3.55 3.29 

H2O/M2O 15 13 17 11.6 14.6 

M2O/Al2O3 1 1.2 0.85 1 1 

Compressive 
 strength, MPa 

33.7 27.8 31.5 30.3 20.6 

The metakaolin and geopolymer series MM1 was examined by 

Powder X-ray diffraction. The results are presented in Fig. 1. Both 

metakaolin and geopolymer MM1 showed amorphous structure 

with inclusion of quarts. The amorphous halo shifted after 

geopolymerisation from 15-30 2θº to 22-35 2θº, which is typical for 

geopolymers. The crystalline quarts stayed inert. 

 

Fig. 1 Powder X-ray diffraction patterns of metakaolin (MK) and obtained 
geopolymer (series MM1). Q- quarts 

 

 

The chemical purity of metakaolin is very high, represented 

almost entirely by SiO2 and Al2O3, which helps to investigate the 

ongoing reactions in the synthesis of geopolymers and the analysis 

of the results. Bulgarian Metakaolin from Kaolin AD has sufficient 

reactivity and is a potential raw material for the production of 

geopolymers. 

3.2. Geopolymer based on iron-rich waste from copper 

industry 

Five series of geopolymer specimens were prepared with water 

to solid ratio equal to 0,15. The samples were cured at laboratory 

conditions in plastic bags until 10-th day, when were placed in oven 

for 12 days at 80oC. At 22-th day the specimens were demoulded and 

placed at laboratory conditions (20oC and 65% humidity). At 90-th 

day compressive strength was determined by using three specimens 

of each series. The composition and results from compressive 

strength is presented in Table 3. Series 15F2 and 15F3 showed 

highest strength. Both results are similar, but 15F3 was obtained by 

lower concentration of the activator solution.  

Table 3 Molar composition and compressive strength (90-th day) for 

geopolymers based on iron silicate fines 

  15F1 15F2 15F3 15F4 15F5 

Al2O3/M2O 0.32 0.32 0.5 0.22 0.22 

H2O/M2O 7.59 7.64 11.4 5.46 5.36 

Fe2O3/M2O 2.5 2.5 4 1.75 1.75 

Compressive  
strength, MPa 

19.36 27.96 27.53 3.87 3.5 

The results from powder X-ray diffraction showed the mineral 

composition of the iron-silicate fines. It contains mostly fayalite and 

magnetite (Fig. 2). Minor changes between raw material and 

obtained geopolymer (series 15F3) were observed.  

 

Fig. 2 Powder X-ray diffraction patterns of iron silicate fines (RAW) and 

obtained geopolymer (series 15F3). M- Magnetite, F – fayalite. 

 

The presented studies showed that geopolymer technology is 

capable to reduce the huge amounts of fayalite slag generated for 

the last decades as a result of copper production. 

98

INTERNATIONAL SCIENTIFIC JOURNAL "MACHINES. TECHNOLOGIES. MATERIALS." WEB ISSN 1314-507X; PRINT ISSN 1313-0226

YEAR XIII, ISSUE 2, P.P. 97-100 (2019)



3.3. Geopolymer based on fly ash 

In previous study [7] four series of geopolymers were prepared 

using different concentration of the alkaline hardener solutions and 

water to solid ratio equal to 0.40 (w/w). The series B1 with 

following molar ratio: M2O/Al2O3=1.4, H2O/M2O=10 showed 

lowest absorption to water – 20.0%. Thus the obtained geopolymer 

showed high porosity which motivated the research team to develop 

highly porous lightweight geopolymer by addition of 1% by mass 

H2O2 as gas forming agent (Fig. 3). The decomposition of the 

peroxide produce oxygen, which form small interconnected pores. 

The resulted porous geopolymer was characterized by 0.44 g/cm3 

density, 2.64 g/cm3 absolute density and 83.3% relative porosity. 

Preliminary fire-resistance test of the material was examined. 

Simple jet-torch test was conducted to observe the behavior of the 

porous geopolymer at high temperature and direct fire. The 

lightweight geopolymer was exposed to direct fire from butane jet-

torch for 3 minutes at 5 cm distance. During the fire exposure the 

color of the specimens in the hottest area turned into red-orange, 

which is associated to temperature about 1000oC. After the fire test 

the specimen preserved its integrity, which indicates its potential as 

fire-resistance materials. 

The raw fly ash, light-weight geopolymer and fired samples 

were examined with SEM. The fly ash contained cenosphere, which 

contributed to better workability of the fresh geopolymer mixture 

(Fig. 4). There were cracks on the hardened geopolymer before and 

after the fire test (Fig. 5Fig. 6). The particles of the fly ash contains 

small micron-sized pores. The presence of such micro pores 

provides a road of escape for hot gases generated by the elevated 

temperature.  

It can be concluded that mixing fly ash from Maritsa TPP with a 

suitable activating solution lead to formation of geopolymer 

material characterized relatively large porosity. Lightweight 

geopolymers could be also successfully prepared by using suitable 

gas forming agent. The fire torch test indicates the potential as fire-

resistance materials. 

 

 

 

Fig. 3 Lightweight geopolymers 

based on fly ash 

 

Fig. 4 SEM image of used fly ash from Maritsa East 2 (marker- 100μm) 

 

Fig. 5 SEM image of geopolymer based on  fly ash from Maritsa East 2 

(marker- 10μm) 

 

Fig. 6 SEM image of fired geopolymer based on  fly ash from Maritsa East 2 
(marker- 10μm) 

3.4. Geopolymer based on natural zeolite (review) 

In-depth studies on possibility of using natural zeolite 

clinoptilolite from local large deposit Beli Plast were done within 

the PhD thesis of Nikolov, A. [8]. The optimal results were obtained 

using activator solution - mixture of potassium hydroxide, sodium 

silicate (molar ratio modulus MR=SiO2/Na2O=3) and water. 

However, the obtained material hardens slowly at normal 

temperature. Demoulding was possible after at least one week at 

20oC. The hardened geopolymer activated with silicate activators 

showed high shrinkage. However, applied in thin layers as coating 

the material did not showed shrinkage cracks. The adhesion to 

concrete was significant – over 2MPa [9]. Thus geopolymer based 

on natural zeolite are suitable for plasters or coatings.  

The effect of modulus of sodium silicate was investigated. 

Using higher modulus of water-soluble sodium silicate (WG3) leads 

to bigger rate of strength gain. Geopolymers obtained with WG2 

showed higher final strength and slightly higher degree of 

geopolymerization. However, due to the crystallinity of the natural 

zeolite the alkali concentration of the used sodium silicate reagents 

solution (MR= 2†3) were not sufficient to dissolve the raw material. 

Thus, using sodium silicate solution with MR above 2 leads to 

certain quantity unreacted clinoptilolite, which preserves the 

beneficial properties of the clinoptilolite per se. 

The calcination of the natural zeolite at 900 °C leads to full 

dehydroxylation of the clinoptilolite structure thus transforming the 

natural zeolite into ‟metazeolite‟. The shrinkage of the hardened 

geopolymer was reduced twice and the compressive strength 
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increase 3 times when calcined zeolite (metazeolite) was used as a 

geopolymer precursor instead of natural zeolite [10].  

4. Conclusion 

The presented studies showed that Bulgarian raw materials 

could be successfully used as geopolymer precursor. The properties 

and structure of the prepared geopolymers greatly depend on the 

composition and type of the raw material, as well as concentration 

and type of the activator solution. Further more detailed studies are 

needed to develop materials with practical application. 
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