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STABILIZATION/SOLIDIFICATION 
OF SPENT GRIT IN FLY ASH BASED GEOPOLYMERS 

Stabilization/solidification (S/S) method is a potential solution for immobilization of heavy met-
als containing waste. Immobilization of heavy metals from spent grit, waste material from the ship-
building and ship repair industry, into the fly ash based geopolymers using the S/S method was eval-
uated. Addition of spent grit in the quantity of 10% of total solid content of geopolymer mixture 
decreased the compressive strength of fly ash based geopolymers but did not affect the change of ge-
opolymer strength in function of synthesis parameters. TCLP and EN 12457-2 leaching test were 
used for the evaluation of chemical stability of contaminated geopolymers with respect to the leach-
ing of heavy metals. The both, TCLP and EN 12457 leachates fulfill the maximum acceptable limits 
for landfill disposal with respect to the heavy metals concentration. The highest concentration of Zn 
is observed in a both, TCLP and EN 12457 leachates due to the synthesis parameters. 

1. INTRODUCTION 

Geopolymerization is an innovative technology that can transform various alumi-
nosilicate materials by alkali activation into useful materials, so called geopoly-
mers [1]. A highly alkali mixture of alkali hydroxide and alkali silicate is mainly used 
as an alkali activator. Geopolymerization is also recognized as a waste minimization 
technology because it enables utilization of waste aluminosilicate materials like metal-
lurgical slag [2, 3] and fly ash [4–6]. The mechanism of the geopolymerization process 
is not fully understood but assumption is that it consists of several processes such as disso-
lution of starting materials and formation of aluminate and silicate monomeric species and 
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polycondensation which lead to the formation of three dimensional aluminosilicate net-
work and the hardening of geopolymer structure [7]. Dissolution process enables breaking 
of Al–O–Si and Si–O–Si bonds in the starting materials and liberation of Al3+ and Si4+ to 
form a monomeric [Al(OH)4]

–, [SiO2(OH)2]
2– and [SiO(OH)3]

–species which further con-
tinue to condense leading to the formation of aluminosilicate network [8]. 

Geopolymerization received attention in two potential applications: as a promising 
technology for production of environmentally friendly materials which may be suc-
cessfully used as a replacement for cement based materials and as a possible solution 
for stabilization/solidification (S/S) of toxic wastes [9, 10]. Solidification is conver-
sion of liquid or semi solid sludge waste to a stable solid material encapsulating toxic 
materials through isolation, precipitation and/or adsorption while the stabilization 
involves chemical reaction between toxic materials and binders [11]. 

Currently, special attention is paid to the immobilization of heavy metals. They 
are considered to be one of the main pollutants in the environment as they are toxic, 
non-biodegradable and have a very long half-life in soil [12], having a significant ef-
fect on plants and animals and to the humans. This is the reason for arousing public 
awareness of the need to protect the environment from the effects of these pollutants 
and in this sense, stabilization/solidification of heavy metals contained in waste by the 
geopolymerization process is a promising method. 

The shipbuilding industry is the one of the potential sources of environmental pol-
lution. In the ship repair industry, abrasive blasting is the most common surface prepa-
ration technique used to remove old paint and other surface materials such as rust, mill 
scale, dirt and salts. Surface preparation techniques such as abrasive blasting are also one 
of the most significant sources of shipyard wastes and pollution. The paint usually con-
tains heavy metals which act as anti-fouling and anti-corrosion agents and during blast 
cleaning the paint contaminates the abrasive material – grit, producing the waste – spent 
grit (SG) which contains heavy metals. Such contaminated spent grit may present a poten-
tial risk for both human health and environment and impose the restriction for its dispose. 
So far, use of spent grit as an aggregate in the production of Portland cement concrete and 
in the production of asphalt concrete for roadways has been considered [13]. 

In this paper, the possibility of using the fly ash based geopolymers (FA-geopoly- 
mers) for the stabilization/solidification of spent grit has been considered. The aim 
was to convert the spent grit in the environmentally accepted building materials – fly 
ash based geopolymers. 

2. EXPERIMENTAL 

High calcium fly ash (FA) was supplied from the coal fired power station Pljevlja 
and spent grit from the shipyard Bijela in Montenegro. Chemical composition of fly 
ash and heavy metals content in SG are given in Table 1. 
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T a b l e  1

Table 1. Chemical composition of FA  
and heavy metals content in SG 

FA SG 

Component
Content

[%] 
Component

Content
[g/kg] 

SiO2 49.45 Zn 1.16 
Fe2O3 5.23 Pb 0.18 
Al2O3 21.77 Cr 4.20 
TiO2 0.66 Cu 1.10 
CaO 13.34 Ni 7.80 
Na2O 0.46 Cd 0.51 
ZnO 4.510–3   
MgO 1.29   
MnO 0.02   
P2O5 0.24   
K2O 1.4   
LOIa 4.35   

aLoss on ignition. 

The mixture of NaOH and Na2SiO3 solutions in the weight ratio of 1, 1.5 and 2 
was used as an alkali activator. 7, 10 and 13 M NaOH solution was used for the syn-
thesis of the geopolymer. Geopolymers were prepared at constant solid (S) to liq-
uid (L) ratio of 1.3. Fly ash based geopolymers contaminated with spent grit were 
prepared by adding spent grit to the starting mixture with fly ash in the quantity of 
10% to the total solid content. The initial compositions of geopolymer mixture are 
given in Table 2. 

Fly ash based geopolymers (FA1-5) were prepared by mixing FA with the alkali 
silicate activator while fly ash based geopolymers contaminated with SG (FG1-5) 
were prepared by mixing of SG with the NaOH solution for 10 min to enable dissolu-
tion of heavy metals form SG and then Na2SiO3 solution was added. Finally, FA was 
added into the mixture of alkali silicate solution with SG, and mixing was continued 
for 5 min. Pastes prepared in such a way were cast into cylindrical plastic moulds  
(28×60 mm) and sealed with a lid to prevent loss of evaporating water. The samples 
were cured in the oven for 48 h at 65 °C. After that, the specimens were allowed to 
cool, removed from moulds and left to rest additional 7 days at ambient temperature 
before any testing was performed. Before compressive strength testing sample, surfac-
es were polished flat and parallel. Compressive strength measurements were per-
formed using three cylinders of each sample and averaging the obtained experimental 
values. 
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T a b l e  2

Composition of initial FA and FG geopolymer mixtures

Mixture 
SG
[%] 

S/L
[g/g] 

Na2SiO3/NaOH 
c(NaOH)
[mol/dm3] 

FA1 – 1.3 1.5 7 
FA2 – 1.3 1.5 10 
FA3 – 1.3 1.5 13 
FA4 – 1.3 1 10 
FA5 – 1.3 2 10 
FG1 10 1.3 1.5 7 
FG2 10 1.3 1.5 10 
FG3 10 1.3 1.5 13 
FG4 10 1.3 1 10 
FG5 10 1.3 2 10 

 
The morphological characterization of the FA and FG geopolymers was per-

formed using the low vacuum modus of the FEI environmental scanning electron mi-
croscope (ESEM) Quanta 200 equipped with the EDAX Genesis energy dispersive 
spectrometer. 

The immobilization efficiency was evaluated using the TCLP method No. 1311 
[14] and EN 12457-2 [15] leaching tests. For the purpose of TCLP and EN 12457-2 
reproduction, fragments of specimens after mechanical tests were collected and used 
as the samples for leaching tests. During TCLP test, the solid was pulverized and 
mixed with an extraction fluid (acetic acid solution pH = 3) at the solid: liquid ratio 
1:20 for 18 h. The method EN 12457-2 is similar to the TCLP test but the extraction 
fluid is deionized water. In this case, solid phase was mixed with deionized water at 
the solid to liquid ratio of 1:10 for 24 h. After the tests, solid and liquid phases were 
separated by filtration and the eluates were acidified with nitric acid to pH < 2. Metals 
content was determined using ICP-OES. 

3. RESULTS AND DISCUSSION 

The results obtained by the investigation of the dependences of the compressive 
strength of FA and FG geopolymers on alkali and silicate dosage, i.e. the NaOH con-
centration and Na2SiO3/NaOH weight ratio are shown illustrated in Figs. 1 and 2. 

The increase of NaOH concentration leads to the increase of compressive strength 
of FA and FG geopolymers. However, beneficiary influence of alkali dosage to the 
compressive strength of gepolymers is limited. The maximal values of geopolymers 
strength were obtained using 10 M NaOH and further increase of concentration of 
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NaOH to the value of 13 M leads to a slight decrease of compressive strength (Fig. 1). 
Similar effect of alkali dosage on the mechanical properties of fly ash based geopoly-
mers was observed earlier [16]. 

 

Fig. 1. Dependences of the compressive strength of FA and FG 
geopolymers on the NaOH concentration 

 

Fig. 2.  Dependences of the compressive strength  
of FA and FG geopolymers on the Na2SiO3/NaOH weight ratio 
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The increase of alkali dosage in the range of 7–10 M leads to the faster dissolution 
of Al and Si from the fly ash providing more Al and Si oligomeric species [17] for the 
condensation process. This leads to the more effective geopolymerization and higher 
compressive strength of geopolymers [18]. The increase of the alkali dosage above  
10 M results in a more effective Si dissolution [19] in comparison to Al, leading to 
more probable formation of Si–O–Si polymeric bonds in comparison to the Al–O–Si 
bonds, which decrease the compressive strength of geopolymers. Addition of spent 
grit to the geopolymer mixture decreases the compressive strength of geopolymers but 
does not influence the change of strength with the change of alkali dosage. 

Similarly, the increase of silicate dosage, i.e. the increase of Na2SiO3/NaOH 
weight ratio from 1 to 1.5, leads to the increase of geopolymers strength, while the 
further increase leads to the reduction of compressive strength (Fig. 2). Silicate dosage 
strongly influences the viscosity of geopolymer mixture. At the Na2SiO3/NaOH 
weight ratio higher than 1.5, a very viscous geopolymer paste was obtained which 
could not be spontaneously casted in the mould. Thus, the increase of geopolymer 
strength at the Na2SiO3/NaOH weight ratio higher than 1.5 is limited by the paste 
workability. At the value of this ratio equal to 2, a very bad workability of paste was 
obtained and obvious fractures on the geopolymers surface were observed which 
caused the decrease of compressive strength. Moreover, increase of the silicate dosage 
decreases pH, which inhibits dissolution of Al and Si from the fly ash [20] and hinders 
geopolymer phase formation leading to the decrease of compressive strength. As in the 
previous case, the strength of FG geopolymers is lower in comparison to the strength 
of FA geopolymers but the dependence of geopolymer strength changed in a function 
of silicate dosage is the same. 

 

Fig. 3. SEM images of: a) FA and b) FG geopolymers 

The samples of FA and FG geopolymers which showed the highest values of 
compressive strength were subjected to microstructural investigations. In both cases, 
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FA and FG geopolymers showed the highest value of compressive strength in 10 M 
NaOH and Na2SiO3/NaOH weight ratio of 1.5. The SEM images of FA2 and FG2 
geopolymers are shown in the Fig. 3. In both cases, separated two phases were clearly 
observed, the gel phase (geopolymer) and the phase of unreacted FA particles. 

The immobilization of heavy metals in geopolymers involves both physical encap-
sulation and chemical immobilization processes which depend on the total extractable 
cation concentration [21]. The efficiency of immobilization of heavy metals from SG in 
the fly ash based geopolymers was evaluated using the TCLP and EN 12457-2 leaching 
tests, comparing the metals concentration in a TCLP and EN 12457 leachates with the 
limits established by USEPA (US Environmental Protection Agency) and EULFD (Eu-
ropean Landfill Directive). The results are summarized in  Tables 3 and 4. 

T a b l e  3

Metal content in FG geopolymers [mg/kg] (EN 12457-2) and EULFD limits 

c(NaOH) 
[mol/dm3] 

Na2SiO3/NaOH
Metal content 

Cd Cr(tot) Cu Ni Pb Zn 
7 1.5 0.17 0.28 0.5 0.23 0.38 1.18 
10 1.5 0.18 0.26 0.3 0.23 0.45 1.05 
13 1.5 0.17 0.2 0.31 0.25 0.4 0.53 
10 1 0.18 0.3 0.35 0.23 0.45 1.01 
10 2 0.17 0.27 0.5 0.3 0.4 2.69 

Inert waste  0.04 0.5 2 0.4 0.5 4 
Non-hazardous waste  1 10 50 10 10 50 
Hazardous waste  5 70 100 40 50 200 

 

T a b l e  4

Metal content in FG geopolymers [mg/dm3) (TCLP] and USEPA limits 

c(NaOH) 
[mol/dm3] 

Na2SiO3/NaOH
Metal contenta

Cd Cr(tot) Cu Ni Pb Zn 
7 1.5 nd nd nd <0.1 <0.1 0.788 
10 1.5 nd nd nd <0.1 <0.1 0.753 
13 1.5 nd nd nd <0.1 <0.1 0.493 
10 1 nd nd nd <0.1 <0.1 0.258 
10 2 nd nd nd 0.123 <0.1 0.8 

US EPA limits  0.5 5 – – 5 300 

and – not detected. 

 
EN 12457 leachates are highly alkaline (average value of pH is 11) due to the mo-

bility of Na+ ions in the aquatic medium. pH of TCLP leachate is somehow lower but 
the solution is also alkaline (average value of pH is 8.2). The excess of Na+ ions in the 
geopolymer mixture remains unreacted after the geopolymerization process and is de-
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posited in geopolymer pores [22, 23]. In contact with aquatic environment, ion exchange 
between Na+ and H3O

+ occurs, contributing to the increase of pH [24] which may influ-
ence the mobility of heavy metals with a strong pH dependent solubility [25]. 

The results presented in the Tables 3 and 4 have shown that the concentration of 
Cd exceeds the EULFD for the inert waste but fulfil the acceptable limits for non-
hazardous waste. The concentrations of all other potential hazardous metals are below 
the EULFD limits for inert waste. The concentrations of all metals in TCLP geopoly-
mer leachates are below the USEPA limits for a hazardous waste. The highest concen-
trations of all heavy metals in FG geopolymer leachates were observed for Zn ions and 
the most expressive influence of the synthesis parameters was observed in this case. It 
is evident that Zn concentration in both EN 12457 and TCLP leachates decreases with 
the increase of NaOH concentration used for the synthesis of FG geopolymers, i.e 
efficiency of Zn immobilization increases with the increase of alkaline dosage in the 
range of 7–13 M. Adding more alkali is expected to increase the solubility of Zn and 
also Al and Si from the fly ash, providing the higher concentrations of Al and Si spe-
cies to bind Zn in a less soluble form or to encapsulate it into the geopolymer matrix. 
On the other hand, the increase of silicate dosage, i.e. the increase of Na2SiO3/NaOH 
ratio leads to the increase of Zn concentration in both, EULFD and TCLP geopolymer 
leachates which indicate the decrease of immobilization efficiency of Zn. 

However, as the EN 12457-2 and TCLP leachates are alkaline, these tests are in-
sufficient to address a wide range of possible exposure conditions of waste and addi-
tional pH dependence leaching tests should be conducted which will be the meter of 
further study. 

4. CONCLUSIONS 

 The addition of spent grit to the fly ash in the quantity of 10% of the total solid 
content does not change the influence of synthesis parameters on the compressive 
strength of fly ash based geopolymers. The same effect of alkali and silicate dosage on 
the compressive strength of FA and FG geopolymers is observed, but the lower values 
of compressive strength of FG geopolymers in comparison to the strength of FA geo-
polymers are observed. 

 Leaching tests have shown that heavy metals from spent grit can be immobilized 
in the fly ash based geopolymers. The highest concentration in TCLP and EN-12457 
leachates is observed for Zn ion which is affected by the synthesis parameters. Immo-
bilization efficiency of Zn increases with the increase of NaOH concentration and 
decrease of Na2SiO3/NaOH weight ratio. However, additional pH dependent leaching 
tests need to be done for a complete consideration of immobilization of heavy metals 
from spent grit in the fly ash based geopolymers. 
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