Hydrolytic stability of geopolymer: a review
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Abstract: Geopolymer is emerging as a promising substitute for ordinary Portland cement (OPC), with
noticeable progresses made to improve its properties. Geopolymer synthesis not only has the potential to
produce a cementitious product comparable with OPC, but also provides a window of opportunity to valorise
many industrial by-products and wastes, such as mining tailings, waste glass, red mud, etc. However, the
durability of geopolymer, especially in aquatic media, still needs to be investigated in detail. From the
literature, it can be observed that the aquatic stability of geopolymer cannot always be guaranteed. Some
source materials used for the production of geopolymer may lead to the formations of structures that exhibit
reasonable strength in the dry mode, but are not stable when subjected to water. Loss of some compressive
strength in geopolymers after being submerged in water has been reported in the literature. Understanding
the mechanisms involved in retaining the integrity and strength of geopolymers in aquatic environments
provides insights into producing a product which is not only strong, but is also durable over time. This
research aims to review the literature to understand the mechanisms contributing to the hydrolytic stability
of geopolymers, and identify those source materials that are more susceptible to geopolymer strength loss
in aquatic media.
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1. Introduction

The production of geopolymer involves dissolution of a solid resource rich in aluminum and silicate, which
is also called alkali activation, and then attaching the released species together under controlled conditions
to form a polymeric network. The major stages involved in the alkali activation of an aluminosilicate resource
are described as the dissolution in the alkali solution and release of individual monomers (Figure 1-a),
coagulation of monomers and formation of oligomeric units (Figure 1-b), and polycondensation of oligomeric
structures towards a large polymeric unit (Figure 1-c). The schematic representation of these stages is
depicted in Figure 1 (1). The alkaline attack breaks down the initial Al-O and Si—O bonds in the resource
material and silicate and aluminate tetrahedrons are released. Under the elevated or room temperature,
these monomers coagulate and form oligomers. At the early stages of the coagulation, there is an
abundance of Al-rich oligomers. This is because Al—O bond is weaker than Si—-O and there will be more
aluminate species available at the early stages of dissolution (2). By the progress of dissolution, more
silicate monomers are released from the source material, and a structural reorganisation occurs in the
oligomeric structures, which pushes the system towards the appearance of Si-rich oligomers. The eventual
composition, strength, and pore structure of the inorganic polymer depends on the extent of this
reorganisation. In the last stage, small oligomeric units polycondensate, and form a large polymeric
structure, which hardens and gains strength. The quantity of different released species also depends on the
alkalinity of the activating solution. High alkalinity increases the dissolution of Al more than Si, and leads to
a higher degree of polycondensation between Al and silicate monomers (3).
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(a) Dissolution of solids in alkaline solution and release of monomers.
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(c) polycondensation of oligomers and formation of polymeric network
Figure 1. schematic representation of stages involved in formation of geopolymers

The hardened polymeric network developed in the above process exhibits excellent compressive strength
properties comparable to Portland cement. However, stability of geopolymer in aquatic media is not as
good as Portland cement in general, and the underlying mechanisms contributing to the integrity of
geopolymer under water needs investigation. The factors affecting the stability of geopolymers in aquatic
media are described in the next section.

2. Stability of geopolymers in aquatic media
Availability of sufficient aluminum in the structure of solid material used for the production of geopolymer

seems to be affecting the stability of hardened geopolymer in water. Lancellotti, et al. (4) studied the
geopolymerisation of a mixture of metakaolin and various proportions of incinerator bottom ash. They



qualitatively assessed the stability of the synthesised geopolymers by submerging them in water for 48
hours (Figure 2). Specimens containing more aluminum in their composition exhibited a better integrity
when submerged in water (Figure 2-a). The compositional analysis of metakaolin and bottom ash in this
research indicated that the bottom ash (Si=33.26%, Al=3.96%) had a much lower concentration of
aluminum compared to metakaolin (Si=53.69%, Al=40.78%). Therefore, specimens containing more
bottom ash, and consequently less aluminum, were more susceptible to lose their integrity under water
(Figure 2-d).

(a) 50% metakaolin + 50% ash

(c) 30% metakaolin + 70% ash (d) 20% metakaolin + 80% ash
Figure 2. stability of different geopolymer mixes under water

The presence of sufficient aluminum in the composition of the solid precursor affects the extent of
polymerization, which governs the development of strength in hardened geopolymer. Rees, et al. (5)
reported that fly ash-based geopolymers with very low Al content failed to keep integrity when submerged
in water. They measured the vibrations of Si—-O-T (T=Al, Si) bonds using Fourier Transform Infrared
spectroscopy (FTIR). They observed that for samples which kept their integrity in water, the wavenumber
corresponding to this vibration was below 995 cm', while that of the specimens which dissolved in water
was greater than 995 cm-'. This was attributed to high silicate content in the precursor, which implied lack
of sufficient aluminum in the structure of specimens. They also observed the disintegration of specimens
cast using sodium silicate with a high alkaline modulus (SiO,/Na,O molar ratio) of 4.9 and very low
aluminum content. Higher alkaline modulus implies bigger silicate oligomers in the alkaline reagent, which
are not as reactive as monomeric and small silicate species. The poor concentration of reactive silicate
species leads to the formation of sodium silicate binder instead of a geopolymeric structure, which is
highly soluble in water.

Lemougna, et al. (6) studied the geopolymerisation of volcanic ashes activated using only sodium
hydroxide. The compositional analysis results indicated that all samples had between 43% and 55%



silicate and around 15% aluminate. They adopted Na,O/Al,O; molar ratios of 1, 1.25, 1.50, and 1.75, and
observed a general increase in the compressive strength in the dry hardened geopolymer with increasing
that ratio. The results of compressive test of the hardened geopolymer immersed in water overnight
revealed a drop in the strength in the range of 50 to 90% (Figure 3). The extent of this strength drop was
more pronounced in higher Na,O/Al,O; ratios. The highest strength drop was observed in the sample
synthesised from the ash with highest Si content (Figure 3-b). Heat curing the samples after submersion
in water (90°C overnight) showed that samples recovered the strength totally or partially. The authors
attributed the strength drop to the hydration of some Si—O-Si bonds to Si—OH bonds and the formation of
soluble sodium silicate species, which provide some strength in the dry mode but dissolve when subjected
to water. The strength regain after curing the samples may signify that the final product is more of a
sodium silicate gel nature than geopolymer.
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Figure 3. Strength loss and recovery in geopolymers submerged in water

The strength regain after immersion of geopolymer samples in water is reported in another study (7).
Authors studied the geopolymerisation of a mixture of lateritic soil (soils with high iron and aluminum
content) and dry geopolymeric reagent, activated by adding water to the mixture and cured at
temperatures between the room temperature and 450° C. They reported an approximate loss of 30% in
the compressive strength of hardened geopolymers submerged in water. The specimens regained
compressive strength as much as that prior to submersion after being dried out. High aluminum content of
lateritic soil may lead to the formation of a structure rich in aluminum, which is highly stable under water.

Hydrolytic stability analysis of geopolymer synthesised using 100% fly ash, 100% glass powder, and 50%
fly ash+ 50% glass powder indicated that the system containing glass powder is instable when subjected
to moisture (8). The presence of aluminum-poor glass powder in the precursor culminates in the formation
of sodium silicate gel which is instable in water. The specimens synthesised using 100% fly ash did not
undergo strength deterioration when subjected to water. Samples made using 100% glass powder
experienced 58% strength loss when subjected to moisture in fog-spay chamber and 76% strength loss
when immersed in water. For the specimens made using 50% glass powder and 50% fly ash, the strength



loss was 44% in fog-spray chamber and 65% when submerged in water. Those results indicated that the
aluminum incorporated into the mixture due to the addition of fly ash plays a significant role in the stability
of geopolymer in aquatic media.

The wavenumber of the Si-O-T (T=Al, Si) vibration, obtained from FTIR spectroscopy, increases as a
result of higher extent of polycondensation. Subjecting geopolymer samples to water causes that peak to
shift to lower wavenumbers, which is indicative of hydrolysis of Si—O bonds.

The asymmetric vibration of Si—-O-Si for the glass powder-based geopolymer was in the range of 1000-
1050 cm™', which shifted to 1019 cm_4 after immersing the samples in water. For the 50% fly ash+50%
glass powder geopolymer, the Si—O-Si asymmetric vibration wavenumber decreased from 1026 cm™' to
1017 cm" after subjecting the samples to water. The incorporation of fly ash into the glass powder-based
geopolymer decreases the extent of Si-O-Si peak shift, which is due to the formation of N-A-S-H gel.
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Figure 4. Microstructure of (a) 100% glass powder geopolymer prior to submersion in
water; (b) specimen (a) after submersion in water; (c) 50% glass powder + 50% fly
ash geopolymer prior to submersion in water; (d) specimen (c) after submersion in
water; (e) 50% glass powder + 15% metakaolin + 35% slag geopolymer prior to
submersion in water; (f) sample (e) after submersion in water

Partial replacement of the precursor with Al and Ca rich resources, such as metakaolin and slag, results in
the emergence of N-A-S-H and C-S-H phases, which are stable in water, and improve the hydrolytic



stability of the synthesised geopolymer. This research revealed that a ternary blend composed of 50%
glass powder, 15% metakaolin, and 35% slag kept its integrity when submerged in water.

Comparing the microstructure of 100% glass powder, 50% glass powder+50% fly ash, prior to (Figure 4-
a,c) and after submersion in water (Figure 4-b,d) clearly indicates that sodium silicate gel gets washed
away when immersed in water. This is the culprit for strength loss in samples after being exposed to
water. For the sample made from 50% glass powder+15% metakaolin+ 35% slag, the least strength drop
is observed after immersion in water, which is also visible from the microstructure of the geopolymer
before (Figure 4-e) and after immersion in water (Figure 4-f), as the structure keeps its integrity after
immersion in water.

Hydrolytic stability of silicate gel (very poor aluminum content) is affected by Alkaline Modulus (AM), i.e.,

the SiO,/Na,O molar ratio (9). Sodium silicate gel with higher AM exhibits better stability in aqueous
medium.
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Figure 5. (a) dissolution of sodium silicate gel with different AMs in water; (b)
dissolution of geopolymer with AM of 7.5 and different Si/Al ratios in water

For the AM <3.5, the sodium silicate gel completely dissolves in water. The dissolution of silicate gels
synthesised using different AMs greatly decreases with the increase in SiO2/Na20 molar ratio (Figure 5-
a). Sodium silicate gels with SiO2/Na20 molar ratios greater than 4.4 was shown to be highly insoluble in
water. Incorporation of aluminum into the above gel enhances the hydrolytic stability significantly. Higher
Si/Al ratio doped in the system improve the extent of such water resistance even more. Figure Figure 5-b
depicts the dissolution of the geopolymer synthesised from different ratios of Si/Al for AM of 7.5. As seen
in the graph, higher contents of aluminum enhance the stability of geopolymer in water.

The degree of alkalinity of the reagent solution is another factor affecting the stability of geopolymer in
water. Geopolymerisation of Perlite (SiO,=67.21%, Al,03=13.56%), a non-crystalline volcanic glass, using
sodium silicate and different molarities of sodium hydroxide (2M-12M) shows that under highly alkaline
conditions, the setting of the geopolymer is retarded, the strength gain is poor, and the solidified product
lacks hydrolytic stability (10). Indeed, for this type of solid precursor, increasing the alkalinity of sodium
hydroxide solution did not increase the dissolution of silicon, and the excessive sodium hydroxide solution
prohibited the formation of polymeric structure and increased the setting time of the geopolymer. After the
immersion of solidified geopolymer in water, the mass loss of specimens cast using 2M, 6M, and 10M
sodium hydroxide was 9.14%, 58.05%, and 64.14%, respectively.

Fly ash-based geopolymer made using different concentrations of NaOH (7, 10, and 13 M) and various
silicate dosage (Na,SiO3z/NaOH molar ratio) was shown to be highly stable in seawater, but exposing the
solidified geopolymer to de-ionised water and acid rain showed the leachate of Si and Al into the solution
(11). Increasing the concentration of NaOH up to a certain molarity enhances the dissolution of silicate
and aluminate species from the raw material, which results in a more advanced geopolymerisation (13-14)
and consequently, better hydrolytic stability. This is observed in Figures 8-a and b, where increasing the
NaOH molarity from 7 to 10 reduces the leachate of silicon and aluminum from the solidified geopolymer.
Further increasing the NaOH molarity beyond the maximum, accelerates the gel formation. Rapid release



of silicate and aluminate species renders the solution so thick that ions can hardly transport within the
matrix. This negatively affects the ongoing dissolution of unreacted particles, and therefore, leads to a
heterogeneous and poor geopolymeric structure with many defect sites, which is weak in keeping its
integrity in water. Further increasing the concentration of NaOH from 10 to 13 M, increases the dissolution
of Si and Al in agueous medium, which is due to the negative effect of excess alkali concentration
discussed above (Figures 8-a and b). In addition, in highly alkaline medium, the quantity of released Si
species is much higher than Al. The mutual condensation of these silicate species creates alkali silicate
binder, which is more soluble in water compared to the aluminosilicate network formed due to the
geopolymerisation. Doping in the system with soluble silica through increasing the Na,SiO3/NaOH molar
ratio provides the system with enough silicate species to condense with released aluminate and form
geopolymeric network, though adding excessive soluble silicate to the system might negatively affect the
geopolymerisation because of the consumption of free hydroxide ions for further polymerisation of
silicates. Higher extent of geopolymerisation due to the incorporation of soluble silica enhances the
hydrolytic stability of the synthesised geopolymer, but beyond a specific quantity, due to the consumption
of free hydroxides required for the dissolution of raw materials, the poor geopolymeric structure results in
the instability of the solidified product in water (Figures 8-c and d).
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Figure 6. (a) Si dissolution vs NaOH molarity; (b) Al dissolution vs NaOH molarity; (c)
Si dissolution vs Na2SiO3/NaOH molar ratio; (d) Al dissolution vs Na2SiO3/NaOH
molar ratio (Nikoli¢, Purovié¢, et al. 2013)

Incorporation of aluminum into the geopolymeric paste highly enhances its stability in water. It has been
shown that sodium silicate binder with SiO,/Na,O ratio of 3.48, which is totally soluble in water (9), could
yield a geopolymer which is highly stable in water by adding aluminum with Al/Si molar ratios higher than
0.08 (12). The morphology of geopolymer exhibits two distinct phases: a continuous gel with no clear
grain size, which is more visible in Figure 7-a and b, and globular particles with definite size, which started
appearing in Figure 7-c and d. By increasing the aluminum content of the raw materials, larger clusters of



globular grain appear on the surface of solidified geopolymer. The size of this particulates also increased
by the addition of more aluminum into the system. FTIR spectroscopy shows a systematic increase in the
vibration frequency of asymmetric stretching of Si—-O—T (T=Al, Si), which is the geopolymeric structure
fingerprint, by increasing the concentration of aluminum in the raw materials. The FTIR spectrum in the
region of 850-1200 cm™' shows a broad band, which is due to the overlapping of different SiQn (n=0-4). By
incorporating more aluminum into the matrix, the maximum absorption shifts towards higher
wavenumbers, which is indicative of the dominance of SiQ3 structural sites over SiQ2 ones. This shift in
the wavenumber implies a higher extent of cross-linking between silicate sites or a higher extent of
geopolymerisation, which enhance the hydrolytic stability of the hardened geopolymer.

Figure 7. Morphology of solidified geopolymer with various concentrations of
aluminum; (a) Al/Si = 0.02; (b) Al/Si: 0.04; (c) Al/Si: 0.167; (d) Al/Si: 0.333

3. Conclusions

Geopolymer, which is produced by dissolution of a solid resource in an alkaline solution and then
rearrangement of the dissolved species, is shown to be very promising in producing a substitute for ordinary
Portland cement in terms of strength. However, care must be taken when considering the durability of
geopolymer in aquatic media. There are factors contributing to the stability of geopolymers under water.

Presence of sufficient aluminum in the solid precursor, and subsequently sufficient release of aluminates
form that precursor in the alkaline solution, greatly affect the stability of geopolymers in aquatic media.

Presence of calcium in the composition of solid precursor leads to the formation of CSH, which may
contribute to improving the stability of geopolymer under water.

The type of aquatic medium may play a role in stability of submerged geopolymer. Seawater, which is
saturated with sodium ions, seems to be a more friendly environment for geopolymer, seemingly due to the
lower leachate of sodium from the geopolymer into water.



In lack of sufficient aluminum in the composition of solid precursor, sodium silicate gel may develop, which
is stable in dry mode, but very soluble in water, and capable of regaining strength, partially or totally, when
heat cured.
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