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Abstract. Coal power plants represent the large source of environmental pollution in soils, 

ground and surface water by leaching out toxic compounds from open landfilled and impound-

ed coal combustion residuals (CCR) such as fly ash. The use of fly ash as a main component in 

geopolymer binder (GB) systems is one of the effective methods of CCR beneficial utilization. 

The toxicity assessment as well as leachability of harden geopolymers were tested in aqueous 

media where oat seeds were used as affected test objects. Bio-resistance of the developed geo-

polymers was evaluated by the resistance to mold fungi growth. The developed geopolymers 

demonstrated a very low toxicity and leachability to the biota based on the low effect to germi-

nating ability and growth retardation of the exposed oat seeds. Therefore, the studied fly ash 

products were proved to be environmentally safe when used in GB systems. The absence of 

fungi growth observed on the surface of geopolymer samples demonstrates high bio-resistance. 

1.  Introduction 

Enormous amount of unused industrial secondary and by-products pose serious global environmental 

issues. In this regard, currently a big effort from research institutes is led towards reduction of ecologi-

cal risk, recycling and beneficial use of the industrial by-products [1-9]. 

An efficient use of industrial by-products focuses to solve the following problems: 

 reduction the amount of industrial wastes released to the environment; 

 cleaning up large areas used for landfills and impoundments, and therefore elimination the 

sources of soil and water contamination; 

 beneficial use of industrial hazardous by-products and waste in different applications. Coal 

combustion residuals considered to be environmentally hazardous contaminants due to elevat-

ed amounts of toxic, radioactive components and heavy metals [10, 11].  

Based on the research data [12–18], production and application of fly ash-based geopolymers is a 

very efficient approach to solve ecological issues mentioned above. In addition, due to its structure, 
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geopolymers are enabled to encapsulate certain hazardous elements and oxides and, so, preventing 

their leaching into the environment. 

Early study [19] have investigated the influence of low-calcium fly ash products on life activities of 

flora and fauna. In some cases, [20] it was observed a negative effect to biota due to release of the ions 

such as Na
+
 and Cl

–
 as well as SO3 and CaO oxides. 

Nevertheless, the use of fly ash as a major component in geopolymer binders assumes an encapsu-

lation and, so, prevention the release of toxic oxides and chemical elements into the environments. 

At the same time, the research focused on fungicidal properties of some fly ash products [2, 21–23] 

experimentally demonstrated no obvious negative effect on mold fungi and, so declaring a safe co-

existence of the developed geopolymers with the ecosystem. However, fungi growth can cause a bio-

corrosion and durability issues of the developed binders. 

This study was focusing on the toxicity of fly ash-based geopolymers by studying the response of 

vegetation on the example of oat seeds and bio-resistance to mold fungi growth. 

2.  Materials and Methods 

2.1.  Materials 

Four low-calcium fly ash products from different coal power plants were used in this study to produce 

geopolymers. Portland cement CEM I 42,5N was used as a reference binder material. Chemical com-

position of the cementitious components is shown in Table 1. 

Aerated distilled water as a reference aqueous media and NaOH with the purity of 98 % as an alka-

line activating agent were used for the preparation of geopolymer binder systems. 

2.2.  Methods 

Evaluation of the growth retardation of higher plants was performed using a method of phytotoxicity 

determination according to Russian Standard GOST 33777-2016 2016 «Surface-active agents. Method 

for determination of phytotoxicity for higher plant seeds». Bio-resistance of the developed geopolymer 

binders was evaluated by evaluating resistance to mold fungi growth according to Russian Standard 

GOST 9.048-89 «Unified system of corrosion and aging protection. Technical items. Methods of la-

boratory tests for mold resistance». 

 

Table 1. Chemical composition of fly ash products and Portland cement. 
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FA1 59.0 28.3 1.0 4.6 0.1 1.0 3.7 0,6 0.7 0.4 0 0 0 6.1 

FA2 60.2 30.9 . 3.4 0.1 0.6 1.3 0,5 0.8 0.5 0 0 0 1.9 

FA3 47.3 28.7 1.1 16.2 0 1.0 3.4 0,9 1.7 0.5 0 0 0 1.9 

PC 19.1 5.2 0.3 3.6 0 1.3 65.4 0 0.6 0 3.5 0.3 0 0.2 

3.  Results 

3.1.  Phytotoxicity 

For phytotoxicity evaluation of the fly ashes and the developed binder systems, water extracts of the 

fly ashes and crashed geopolymer samples at the age of 28 days were taken and then used to prepare 

water solutions in ratios of 1/10, 1/100 and 1/1000. The prepared solutions were placed to the separate 

Petri dish covered with filter paper. On top of each Petri dish with filter paper were placed a certain 

number of oat seeds and stored in a thermostat for 7 days. 
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a b 

Figure 1. Phytotoxicity level of a) cementitious components and b) fly ash-based GBs and PCB 

based on value of germinative ability. 

 

Visual inspection of the oat roots growth was done after 3 and 7 days of exposure to the aqueous 

extract of fly ash and fly ash-based geopolymers. The results of the experiment showed that the oat 

roots exposed to 1/10 extract had about a 35 % decrease in growth rate as shown in Figures 1 and 2. 

For phytotoxicity evaluation of fly ash products and geopolymer binders average germinative ability 

(Figure 1), average coat root length (Figure 2) and retardation effect (Figure 3) were used as control-

ling parameters. 

Retardation effect Er in this study was calculated as a difference between root lengths for oats ex-

posed in reference (Lo) and experimental (L1) aqueous media using Equation (1): 

Er=100 (Lo-L1) / Lo (1) 

where Er is a retardation effect, %; 

L1 is average oat root length in experimental aqueous medium, mm; 

Lo is average oat root length in reference aqueous medium, mm. 

According to the Guidelines MR 2.1.7.2297-07 «Hazard assessment for production and use of in-

dustrial wastes and by-products by the level of phytotoxicity» phytotoxic effect takes place if the Er is 

higher than 20 %. 

 

  
a b 

Figure 2. Phytotoxicity level of a) cementitious components and b) fly ash-based GBs and PCB 

based on value of roots growth rate. 

 

The oat seeds exposed to more dilute solutions have not displayed apparent acceleration or retarda-

tion in roots growth. Based on the phytotoxicity study the fly ash-based binders showed a more apparent 
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retardation effect on oat seeds growth rate than pure fly ash products (Figure 3). The highest degree of 

retardation was observed for the FA3 and GB3 samples, which is 19.3 % and 6.4 %, respectively (Figure 

3, a). 

Regarding fly ash products, the lowest or zero retardation effect was observed for the FA1 and FA2 

samples. At the same time, PC demonstrated the highest up to 34.9 % of growth retardation. However, 

the opposite effect was observed for the GB samples (Figure 3, b), although the growth retardation is 

for the geopolymers considerably lower in comparison with that for the PC sample. Thus, the highest 

Er value 14.7 % was detected for GB1 and the lowest Er of 6.4 % was observed for GB3. In this study, 

the retardation effect for PCB had a negative value of - 8.2 %. 

 

  
a b 

Figure 3. The retardation effect of fly ash products and PC and the binders on their basis on oat seeds 

growth rate. 

3.2.  Fungicide resistance  

Bio-resistance of the studied cementitious components and developed binders was evaluated through 

resistance to mold growth according to the Russian Standard GOST 9.048-89 (Table 2). Using stand-

ard procedure, the fungicide resistance was evaluated based on the growth index that ranges from 0 to 

5. In this experiment, the GB and Portland cement binder (PCB) samples were first saturated with wa-

ter suspension that contained fungi spores Aspergillus niger and then placed in a chamber with 98 % 

humidity for 28 days.  

 

Table 2. Resistance to mold growth on the surface of low-calcium fly ash products. 

Material 
Growth index 

Fungicide resistance  
Before washing After washing 

Cementitious components 

FA1 5 5 Low 

FA2 5 4 Low 

FA3 5 5 Low 

PC 5 0 High (after washing) 

Binder systems 

GB1 5 0 High (after washing) 

GB2 0 0 High 

GB3 0 1 High 

PCB 0 0 High 

 

The samples were then removed from the chamber and evaluated for fungicide resistance using op-

tical microscope Axio Scope Al (Carl Zeiss Jena). A sample was considered highly resistant to fungi 

0 0

23,1

42,3

-6,4

8,2

19,3

34,9

-10

0

10

20

30

40

50

60

FA1 FA2 FA3 PC

R
e
ta

rd
a

ti
o

n
 e

ff
e
c
t 

, 
%

3 days 7 days
53,8

46,2

23,1

15,414,7

9,2
6,4

-8,2

-10

0

10

20

30

40

50

60

GB1 GB2 GB3 PCB

R
e
ta

rd
a

ti
o

n
 e

ff
e
c
t 
, 

%

3 days 7 days



IV International Scientific and Technical Conference “Energy Systems”

IOP Conf. Series: Materials Science and Engineering 791 (2020) 012049

IOP Publishing

doi:10.1088/1757-899X/791/1/012049

5

 

 

 

 

 

 

growth if the growth index or the population of the mold on the sample surface less than 1. The results 

of the experiment are presented in Table 2. 

The intensive mold growth on the surface of the studied fly ash products (Figure 1 a) indicates the 

metals and other compounds leaching from CCRs [20] do not have a harmful effect on mold popula-

tion, and the mineral compounds are suitable for metabolisms of microorganisms. 

For fly ash-based geopolymers and PCB samples there is no evidence of mold growth (Figure 4 b), 

which indicates a high fungicide resistance of the samples. In the Petri dish, there was observed a 

clearly defined fungicidal zone around binder sample with no sign of mold population. The presence 

of fungicidal zone (Table 3) in the study is related to high pH leaching from the sample that creates an 

unfavorable condition for mold growth. 

 

Table 3. Resistance to mold growth on the surface of fly ash-based geopolymers (GB) and PCB. 

Material 
Fungicidal zone, % 

Fungicide resistance  
Before washing After washing 

GB1 – 7.0 High 

GB3 13.5 8.0 High 

GB2 11.3 8.0 High 

PCB 9.8 8.0 High 

 

  
a b 

Figure 4. Mold growth on the surface of (a) FA3 and (b) not washed GB3 

 

In order to eliminate the influence of high pH and, at the same time, focus on modeling the exploi-

tation conditions when construction material has a long-term exposure to rain and ice water, the cubic 

samples of GB and PC binders washed in water for 72 hours with continuous stirring. After, the sam-

ples were soaked in the suspension of mold spores. After 28 days, all investigated samples were visual-

ly inspected and did not show any sign of mold growth on the surface observed with a naked eye (Figure 

5). 

It should be noted that with the reduction of pH level of crashed samples by washing with water, 

the fungicide zone around the samples was gone, however, the surface was still free of mold fungi. 

The fungicide zone for all investigated samples is compiled in Table 2. Interestingly, the mold fungi 

use solid samples just as mechanical support to further growth upward (Figure 5 a) as a more favora-

ble environment for the microorganisms. 
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a b c 

Figure 5. Different views of mold growth on the surface of water washed binder samples a) GB2; 

b) GB3; c) PCB 

 

Visual inspection of the GB samples after exposure to a mold fungi media showed no apparent 

signs of bio-corrosion or any visual mold growth on the surface of the GB and PCB (Figure 5 b, c). 

Only by means of optical microscopy, insignificant mold growth was observed on the surface of one 

of the samples (GB2, GB3). Although, this phenomenon is yet to be investigated. 

4.  Discussion 

The developed geopolymers demonstrated very low toxicity and leachability to the biota based on the 

low effect on germinating ability and growth retardation of the exposed oat seeds.  

To a greater degree, this is observed for the fly ash product FA3, where the retardation effect 

achieves 19.3 %. The lowest or zero retardation effect among the studied fly ash products was ob-

served for the FA1 and FA2. 

The developed fly ash-based GB systems have demonstrated lower retardation effect on oat seeds 

growth, so, the Er value for those ranges within 6.4 – 14.7 %. The highest value 14.7 % of Er in this 

study was observed for geopolymer composition GB1 and the lowest 6.4 % Er is for GB3.  

Fungicide resistance test showed an intensive mold growth on the surface of the studied fly ash 

products which indicates a low bio-resistance and, therefore low toxicity with respect to microorgan-

isms. 

In the case of the fly ashes-based GB systems, the apparent absence of the Aspergillus niger mold 

fungi growth on the surface and a clearly defined fungicidal zone around the binder samples indicated 

their high fungicide resistance in terms of direct contact with microorganisms due to high pH of the 

binder systems. At the same time, the intensive population of the mold fungi around the studied sam-

ples confirms a low leachability of toxic components comprising fly ash products.  

5.  Conclusion 

Overall results of the leachability and bio-resistance study showed that the developed binders using 

coal combustion products such as low-calcium fly ash products are eco-friendly materials towards bio-

ta, and, at the same time, appear a high fungicide resistance even for long-term exploitation. This out-

come arises a particular interest in large-scale applicability of CCPs as cementitious binders, because 

up to 80 % of produced fly ash products have demonstrated to be safe for flora and fauna, and, there-

fore, can be readily utilized in the production of geopolymer binders. 
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