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Abstract. Waste geopolymeric artificial aggregates (WGA) with different atomic ratios of mining 

waste mud/Na2SiO (4 to 5) and Na2SiO/NaOH (1.25 to 5) were produced using curing temperatures 

of 20ºC and 130ºC and its structural stability and pH variation after immersion in water was 

observed during 3 months. Results showed that WGA with mud/Na2SiO and Na2SiO/NaOH of 5 

and 4, respectively, cured at 20ºC presented good stability in water and pH decreased from 10 to 7 

in 24 days. Compressive strength was determined in additional samples cured at 20ºC and 80ºC in 

dry conditions, for 13 curing ages and 15 water immersion periods (up to 14 weeks). Results of this 

second stage showed that increasing temperature to 80ºC accelerated compressive strength gain but 

only during the first 3 weeks (up to 15.4 MPa). After 24 h in water compressive strength decreased 

to half of the initial values determined in dry conditions in all samples and, therefore, the increase 

of temperature did not bring benefits to WGA strength in water. Regardless the curing temperature 

and the dry curing age comprehensive strength stabilizes between 1 MPa and 2 MPa after 4 weeks 

immersion in water, which are values that makes WGA suitable to be used as bed material for 

wastewater treatment processes. 

1. Introduction 

Some artificial materials (e.g. light-expanded clay aggregates (LECA) and thermoplastics) have 

shown to be more efficient and cost-effective competitive over conventional natural materials (e.g. 

gravel and sand) for wastewater treatment processes (WWTP) [1,2]. Bed materials frequently 

present clogging problems whose causes are related to the variation of its properties (e.g. 

compressive strength, specific surface area, void fraction and porosity), the release of fine material, 

excess of particulate matter and suspended solids and the development of precipitates [1] leading to 

resistance to flow and, therefore, to the decrease in treatment. 

The use of hazardous materials or sub-products of combustion to produce artificial bed material 

for WWTP (namely to produce potential value of zeolitic materials) is a new area of research and a 

few studies have already been performed using coal fly ash [4] and agricultural by-products [3] for 

the removal of heavy metal, ammonia, residual organics and chlorine. The use of LECA is 

considered a good alternative solution compared with granite gravel to minimize the clogging 

problem and to increase the treatment capability [2,4]. LECA is a material with high porosity and 

water absorption capacity and good specific surface area, void fraction and adsorption capacity, 

which gives good conditions to remove pollutants through chemical and biological pathways. 

However, for some WWTP (e.g. biological packed bed and constructed wetlands) it is too light and 

did not fix easily as bed support. 
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Geopolymers are materials produced by reaction of aluminosilicate raw materials in alkaline 

environments and its production depends on chemical and mineralogical composition of the 

precursor materials (e.g. waste mud, fly ash, slag and clay), curing temperature, curing age, water 

content and type and concentration of the alkaline compounds [6,12,17,21]. It is a potential material 

for WWTP due to its high strength, good durability, low shrinkage, sulphate and acid resisting 

properties. It should also present appropriate porosity, void fraction and specific surface area and 

not change the characteristics of the water (i.e. not changing the pH or releasing hazardous 

materials into the water). Previous studies have demonstrated that alumino-silicate waste mud from 

a tungsten local mining exploration has very good reactivity with alkaline activators (sodium 

silicate and sodium hydroxide) after a thermal calcination (800ºC to 950ºC) to produce very 

resistant (10 to 90 MPa) waste geopolymeric artificial aggregates (WGA) [5]. 

Therefore, this work studies the influence of curing conditions (temperature and dry age) in the 

mechanical resistance of WGA produced with different atomic ratios of mining waste mud/Na2SiO 

(4 to 5) and Na2SiO/NaOH (1.25 to 5) in dry conditions and after immersion in water. The pH 

variation after immersion was also measured. Compressive strength gain/loss was evaluated on the 

most stable mixture for curing temperatures of 20ºC and 80ºC and different dry curing ages, as well 

as for additional different water immersion periods. 

2. Materials and Methods 

WGA was obtained using waste mud (precursor - P) from a local tungsten mine, after a thermal 

treatment for 2 hours at 800ºC as suggested by [7]. The chemical composition of the waste mud was 

determined by energy dispersive spectrometry (EDS, Rontech, Germany) as follows: 68.54% 

(SiO2), 1.14% (Na2O), 18.27% (Al2O3), 5.64% (Fe2O3), 5.24% (K2O) and 1.17% (TiO2). NaOH 

10M solution (H) and a Na2SiO L60 solution (S) were used as alkaline activators. The specific 

surface of the precursor (7.9 m
2
/g) was calculated through the air permeability Blaine method using 

an EN 196-6 equipment (Acmel Labo, France). 

In a first stage four mixtures of WGA having different atomic ratios of R(P/S) and R(S/H) were 

produced as presented in Table 1. Samples with 2x3 cm size and having an approximate shape of 

natural aggregates were left to cure at 20ºC for approximately 48 hours (16 samples per mixture). 

Half of samples were cured at 20ºC while the other half was cured at 130ºC. For the curing ages of 

7, 14, 21 and 28 days, two samples of each mixture, for each curing temperature, were placed in 

vessels containing 1 L of water as described in [6]. The time of beginning of sample 

defragmentation and the daily pH were registered. Water in vessels were replaced each 24 h. pH 

observations were stopped once the values reached 7. 

 

Table 1. Geopolymeric mixture composition and mass ratios R(S/H) and R(P/S) 

Mixture 
Na2SiO3 (g) 

Solution 

NaOH (g) 

Solution 
Precursor (g) R(S/H) R(P/S) 

M1 187.5 150 750 1.25 4 

M2 187.5 62.5 750 3 4 

M3 187.5 46.9 750 4 4 

M5 150 37.5 750 4 5 

 

In a second stage, the mixture with more stable behaviour was selected for testing compressive 

strength in dry and wet conditions. Samples with 40x40x40 mm
3
 were produced in a total of 352 

cubes. The samples were first submitted to an initial dry curing period of 7 days at 20ºC and 

approximately 40% relative humidity and afterwards 144 units were kept at 20ºC while the other 

208 units were cured at 80ºC followed by different periods of immersion in water. In Phase I, the 

144 samples (cured at 20ºC) were immersed in water after 35, 42, 49, 56, 63, 70, 77, 84 and 91 days 

dry curing ages (9 Series of experiments, each one including 16 samples for testing). In Phase II, the 

208 samples cured at 20ºC (during an initial period of 7 days in moulds) and 80ºC (after removal 
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from moulds) were immersed in water for the same dry curing ages (13 Series of experiments, each 

one including 16 samples for testing). 

After each dry curing age, a set of 15 samples of each Series in each Phase was selected for 

water immersion in separate vessels containing approximately 1 L of water during 24 hours, 7, 14, 

21, 28, 35, 42, 49, 56, 63, 70, 77, 84, 91 and 98 days (i.e. from 1 to 14 weeks of immersion period). 

During the immersion period the water in the vessels was changed every two days. A dry sample of 

each Series was tested to evaluate the compressive strength in dry conditions. After each immersion 

period, samples were removed and submitted to compressive strength (i.e. compressive strength 

was carried out for dry conditions and for 24hours, 7, 14, 21, 28, 35, 42, 49, 56, 63, 70, 77, 84, 91 

and 98 days after immersion in water in each Series of both Phases). Compressive strength was 

determined according to ASTM C 109 for testing hardened concrete. 

3. Results and Discussion 

The first stage have shown that the average time necessary to get a pH of 7 varied as follows: 58±19 

days (M1), 50±7 days (M2), 63±7 days (M3) and 24±7 days (M4). The mixture 7 had the lowest pH 

of the maximum observed in each experiment after the first day of immersion. For mixtures M1, 

M2 and M3, only the samples cured at 130ºC maintained the stability whilst, for mixture M4, there 

were samples cured at 20ºC that maintained the stability along the 3 months. In terms of structural 

stability in water and pH stabilization in a short period of time, mixture M4 (cured at 20ºC during 

28 days) seems to present good potential for application in WWTP. 

Previously studies [6] have shown that a minimal of 35 days was required for total activation of 

WGA at 20ºC. Therefore, the mixture M4 cured during 35 days at 20ºC was selected for the second 

stage of experiments. As presented in Figure 1, WGA showed different tendency (gain or loss) in 

evolution of strength for both curing temperatures. Samples cured at 20ºC in dry conditions 

presented higher compressive strength at early curing ages (9.1 MPa for 42 and 49 days) that 

decreased and became more instable for curing ages over 56 days. The average compressive 

strength between 42 and 91 days curing time was 7.3 MPa. Results observed at 20ºC are in 

agreement with the ones observed by Torgal et al. [5] for NaOH 24M but three times lower, which 

reflects the effect of activator concentration in the strengthening of WGA. 

In samples cured at 80ºC compressive strength was higher than the observed in samples cured at 

20ºC except for older curing ages, reaching a maximum value of 15.4 MPa for 21 days. The higher 

curing temperature for more than 21 days does not seem to positively have affected the compressive 

strength (values ranged from 11 MPa and 13.6 MPa between 21 and 63 curing ages) and curing for 

more than 63 days decreased the strength rapidly. Strength decline may be explained by the 

prolonged curing period at high temperature that breaks down the gelular structure of the 

geopolymer synthesis mixture, resulting in dehydration and excessive shrinkage as observed by 

[12]. WGA has shown high strength when cured at 80ºC even at early dry curing ages confirming 

the extreme reactivity of mine waste mud when activated with a highly alkaline solution. Similar 

results were observed by [9] that reported strength increase with curing temperature for alkali-

activated fly ash. Therefore, the reason for gain and loss of strength could be explained by the 

occurrence of two parallel processes: further geopolymerisation of the unreacted waste mud and/or 

sintering process (strength increase); breakdown of the geopolymer structure due to exposition to 

prolonged high temperature (strength decrease). These two opposing processes may have occurred 

simultaneously in the WGA cured at 80ºC and whether the strength increases or decreases is 

dependent on the dominant process. 
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Figure 1. Compressive strength variation over dry curing ages for 20ºC and 80ºC curing 

temperatures (mixture M4) 

 

Regardless the curing temperature and curing age, compressive strength reduced to 

approximately half of initial values (dry conditions) after 24 hours of water immersion (Figures 2 

and 3). The decrease in strength continued during the first 4 weeks of immersion, stabilizing most 

of samples after that time between 1 MPa and 2 MPa. In samples cured at 20ºC for longer dry 

curing ages (91 days) the values stabilized between 2 MPa and 3 MPa after 6 weeks of immersion. 

These results show that water curing leads to a strength decrease of WGA as also observed by [10] 

for alkali-activated metakaolin. Water in excess seems to have affected the hydrolysis species and, 

therefore, hinders polycondensation kinetics, leading to molecular destabilization of the geopolymer 

matrix. Additionally, alkali ions have leached out from surfaces of geopolymers leading to pH 

rising, which may have contributed for a slow compressive strength development. 

Regardless the ratios of P/S and S/H, all samples cured at 20ºC during less than 35 days 

disintegrated or dissolved in water between 1 day and 2 weeks. This behaviour might be related to 

the stage of geopolymer activation and mixture composition, which may have changed after contact 

with water. It is believed that increasing R(P/S) might result in higher Si and Al dissolution 

resulting in better geopolymerisation and consequently a stronger geopolymer structure. According 

to [7], the final SiO2/Al2O3 atomic ratio in the hardened binder depends mainly on the reactivity of 

Al–Si because not all the silica and alumina are reactive. Admitting that Al and Si have synchro-

dissolution behaviour in alkaline solution they could be dissolved from the mineral in some linked 

form and, therefore, the Si/Al ratio was not the same in the final hydration product. 

For Si/Al of 1.9 [7] good results in strength were obtained with Al/Na equal to 1 and H2O/Na2O 

equal to 11. It was also found that Na
+
 cation play a role in order to balance the deficit of electrical 

charges of the aluminium atom, and so the ratio Na/Al should be close to 1 for all bonds Si-O-Al to 

be established. However, the increased resistance is not only due to the strength of connections but 

also to the improvement of the microstructure. The molar ratios of the WGA used in this study were 

as follows: Na2O/SiO2 = 0.053, Na2O/Al2O3 = 0.36, SiO2/Al2O3 = 6.852 and H2O/Na2O = 14.129. 

The Na2O/SiO2 and Na2O/Al2O3 ratios are too low and SiO2/Al2O3 ratio is too high when compared 

with [27] results, namely 4.86 < SiO2/Al2O3 < 5.9, 0.31 < Na2O/SiO2 < 0.41 and 1.50 < Na2O/Al2O3 

< 2.42. On the other hand, the ratio of H2O/Na2O is also too high when compared with [27] results 

and could have lead to lower compressive resistance values, as found by [7]. 

The compressive strength after immersion stabilized around 1-2 MPa similar to the values 

presented by LECA (1.7 MPa), which needs high temperatures to be produced, but lower than the 

ones presented by granite gravel (up to 120 MPa), which is extracted from earth. The advantage of 

this WGA over that two materials is that it is produced from an hazardous material (i.e. promotes 

the reuse and encapsulation of waste mud from mine activities) at 20ºC, presents good stability in 
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water, does not change significantly the characteristics of water, is durable and, therefore, may have 

the same effectiveness of other materials for pollutant removal from wastewaters. 
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Figure 2. Compressive strength over water immersion period for curing temperature of 20ºC 

(Mixture M4 - Phase I) 
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Figure 3. Compressive strength over water immersion period for curing temperature of 80ºC 

(Mixture M4 - Phase II) 

4. Conclusions 

The mixture M4 was found to be structurally stabled in water for a period of 6 months and having 

pH stabilization around 7 in the shortest period of time (24 days). Results obtained on mixture M4 

for different curing conditions showed that compressive strength increased with curing temperature 

but not with curing age. Regardless of the curing temperature and curing age, compressive strength 

reduced to approximately half of initial values (dry conditions) after 24 hours of water immersion, 

stabilizing between 1 MPa and 2 MPa after 4 weeks immersion. As compressive strength after 

longer periods of water immersion was equivalent in samples cured at 20ºC and 80ºC, WGA cured 

at room temperatures presents both environmental and economical production advantages. 
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Therefore, WGA produced for ratios R(P/S)=5 and R(S/H)=4, cured at 20ºC and with a minimal 

curing age of 35 days, it appears as a potential bed material to be used in WWTP. 
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